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SUMMARY
This th es is  covers the in v estig a tio n  in to  the design and performance 
of the p iled  r a f t  foundation fo r  the recen tly  completed shops and 
o ffice s  build ing  complex on the south side of V ic to ria  S tre e t,
London. In p a r t ic u la r ,  an attem pt has been made to  determine the 
proportion of the to ta l  load supported by the p i le s ,  using simple 
ca lcu la tio n  techniques.
The a b i l i ty  to p re d ic t accurate ly  th is  share out of foundation 
loading between p ile s  and r a f t  could have a marked influence in  
saving costs  in  foundation design.
An attempt has also been made to p red ic t foundation se ttlem ent with 
a p iled  r a f t  foundation, -taking in to  account the non-linear s o il  
s t r a ta  and heave e f fe c ts  from the removal of the considerable depth 
of overburden, in  the basements.
Comprehensive s i t e  in v estig a tio n s  were ca rried  out; i n i t i a l ly  fo r 
Blocks B.and C, and la te r  fo r  Block D. The re su lts  from these s i t e  
in v estig a tio n s  were used fo r  the i n i t i a l  design of the p iled  
foundations, but were found to give very conservative r e s u lts .
Four te s t  p ile s  were constructed  and te s ted  to  v erify  the i n i t i a l  
p i le  design fo r  Blocks B and C. The te s t  p ile s  were instrumented 
with v ib ra tin g  wire s t r a in  gauges in  an attempt to determine the 
d is tr ib u tio n  of load down the p ile  sh a fts  and on the p i le  bases.
The re su lts  from these t e s t  p ile s  showed th a t much higher s tre sse s  
could be applied to the ground than had been ind icated  in  the s o il  
in v estig a tio n  rep o rt.
Three fu rth e r  te s t, p ile s  were te s ted  fo r  Block D and gave s im ila r 
re su lts  to the t e s t  p ile s  fo r Blocks B and C,
The various considerations a ffec tin g  the choice of foundation design 
are discussed and the v a lid ity  of the i n i t i a l  assumptions are compared 
with the ac tua l performance of the foundations as derived from the 
re su lts  recorded by the instrum entation  of the foundations.
In order to  monitor the d ispersion  of loading through the foundation 
system, v ib ra tin g  wire s t r a in  gauges were b u i l t  in to  the working 
p ile s  and v ib ra tin g  wire s o i l  c e l ls  were in s ta lle d  under the ra f ts  
and a t the bottom of p i le s .  The- t e s t  p ile s  were also instrumented 
to record the d is tr ib u tio n  of shear forces on the sh a ft and the end 
bearing fo rces.
The build ing  construc tion  was phased, commencing in  1971, but a l l  of 
the blocks, Block B, C, and D are now completed and occupied. The 
la s t  two were monitored fo r  some time a f te r  th e ir  occupation.
GENERAL DESCRIPTION OF THE BUILDINGS
A ll the bu ild ings face on to  V ic to ria  S tre e t,  and are described  
as Blocks B, C and D. Block B is  a t  the western end, n ea re s t 
V ic to ria  S ta tio n , and is  bounded on i t s  o ther s ide  by C a r lis le  
Place and Ashley P lace , w hile Block C -is enclosed by F rancis 
S tre e t and Howick P lace . Block D is  on the s i t e  of the old 
Army and Navy S tores and l i e s  betv/een Francis S tre e t ,  Howick 
Place and A r t i l le ry  Row. (See Figs* 1 and 2).
G enerally , the bu ild ings are  designed to  accommodate 24,280 sq.m. 
of department s to re  and shops a t  the  ground f lo o r  le v e l, w ith 
sto rage and c a r 'p a rk in g  below, in  two lev e ls  of basements. The 
mechanical se rv ices  p la n t rooms are housed in  the lowest basement 
lev e ls  below the tower fo r  Block B and in  a th ird  basement lev e l 
fo r  Block C, but under the low r is e  sec tio n  a t the e a s te rn  end 
of Block D. In Block D, the new Army and Navy department s to re  
w ill  be housed a t  the ground,, f i r s t  and second f lo o rs .
Blocks B and C are connected a t f i r s t  basement le v e l,  but are 
separated  by the Piazza  a t  s t r e e t  le v e l.
Above the shop and s to re  accommodation are 64,100 sq.m. of fu lly  
a ir-co n d itio n ed  o ff ic e  space, r is in g  to  a maximum heigh t of 52 m. 
in  14 s to rey s . Ground f lo o r  loading bays with access from 
Ashley Place and Howick P lace are provided a t the re a r  of Blocks B 
and C re sp ec tiv e ly .
A 5*54 g rid  was chosen as a v e r t ic a l  module to  f i t  the  o f f ic e s , 
shops and ca r parking bays. The g rid  fo r  the su p e r-s tru c tu re  is  
square, giv ing the g re a te s t  economy fo r  a f l a t  s lab  design , which 
allows the g re a te s t  f l e x ib i l i t y  fo r  running se rv ice  trunking 
w ithout hindrance from beams and affo rds an easy su b -d iv is io n  fo r  
the o ff ic e s  on a 2.77 module.
1.0 INTRODUCTION AM) INITIAL APPROACH TO THE PROBLEM, BLOCKS B AND C.
1.1 In troduction
P rio r  to  dem olition, the s i t e  fo r  Blocks B and C had been covered 
w ith ea rly  V ictorian , f iv e  and s ix  s to rey  shop and o ff ic e  bu ild ings, 
w ith loadbearing b rick  w alls a t 4,9 m (16’0H) to 7.6 m (25 '0M) spacings 
and with basements, 2.7 m (9 ,0,r) deep below pavement le v e l. The 
foundations were s t r ip  foo tings under the walls and were founded 
approximately 1.0 m below the basement f lo o r . They had a bearing 
pressure of about th ree tons per square foot (322 kN/sq.m.).
At the western end of the s i t e ,  some of these foo tings were founded 
in  the s o f t  s i l t y  clay , below the perched water ta b le . Although 
there  was evidence of considerable d if f e r e n t ia l  se ttlem en t, generally  
speaking the build ings were not showing signs of s tru c tu ra l  d is tr e s s ,  
even though many of the loadbearing w alls, a t ground f lo o r  le v e l, had 
large  holes cut through them.
1.2 Gross and Net Foundation Loading fo r Blocks B and C.
a) Block B.
Immediately under the tower, the gross loading is  2.20 T/sq. f t .  and 
the net loading is  1.31 T/sq. f t .  Around the tower, the gross and 
net loadings are approximately 1.50 T/sq. f t .  and 0.50 T/sq. f t .  
resp ec tiv e ly .
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F ig u r e  3 sh o w s t h e  g r o s s  an d  n e t  l o a d i n g  i n  t h e  a r e a  o f  t h e  15 s t o r e y
tower.
The gross column loading fo r both areas of the tower to  Block C 
between g rid  lin e s  10 and 17 is  shown on Figure 4. The gross 
loading fo r the area over the th ird  basement is  2.18 to n s/sq . f t .  
and over the second basement, is  1.32 tons/sq . f t .  The net loading, 
however, is  0.25 to n s/sq . f t .  and 0.42 tons /s q .  f t .  resp ec tiv e ly , 
owing to the v a ria tio n  in  overburden r e l ie f  of 1.93 tons/sq . f t .
(207.1 kN/sq.m.) fo r  the 10,98 m th ird  basement and 0.90 to n s /s q .f t .  
(96 kN sq.m .) fo r  the 4.88 m deep second basement.
The gross -and net loading fo r  the remaining area of the basement to 
the e a s t and west of the tower is  shown on Figure 4. The net load 
is  negative, th a t  i s ,  the weight of the overburden is  g rea te r  than 
the applied load,
1,3 I n i t i a l  Approach to  the Problem, Blocks B and C.
During the i n i t i a l  design appraisa l fo r the foundations, i t  became 
evident th a t even though the column loads were re la t iv e ly  heavy in  
some areas (500 T, to 2,000 T .) a r a f t  foundation would be capable 
of carry ing  the gross loading, without the su b s tra ta  being 
overstressed .
When, however, one considers the v a ria tio n  in  loading, whether gross 
or n e t, between the fourteen  or f i f te e n  sto rey  areas and the four 
sto rey  areas, the question of d if f e r e n t ia l  settlem en t a r is e s .
The c r i t e r i a  fo r  the foundation design centered around whether to  p ile  
the whole p ro je c t, or whether to r a f t  a l l  the foundations, or whether 
to p ile  only the tower blocks and r a f t  the remainder. In la te  1970, 
the foundation design was concentrated on Block B, which was scheduled 
to s ta r t  s ix  months in  advance of Block C.
b ) B lo c k  C.
1 . 4  P r e d i c t e d  S e t t l e m e n t s
At th is  point in  time, Dr. N.E. Simons was asked to advise on possib le  
settlem ents between the various foundation types under consideration  
and the e ffe c ts  of ground movements during excavation and la te r  
rebu ild ing  on the Westminster Cathedral campanile tower, which is  on 
an adjacent s i t e .
A summmary of h is  re p o rt, dated 23rd October 1970, is  given below.
'When ca lcu la tin g  the conso lidation  se ttlem en ts , the measured values 
of m^  p resen tly  availab le  are used (34 te s ts  in  a l l ) .  A r a f t  
foundation a t a lev e l of 15 f t .  above the top of the London Clay, 
and a bored p i le  foundation with the bases of the p ile s  35 f t .  below 
the surface of the clay have been considered, and then the load has 
been assumed to be tra n sfe rre d  e ith e r  to the base of the p i le s ,  or to 
a lev e l equal to  2/3 of the p en e tra tio n  of the p ile s  in to  the clay .
Tower Block
The re su lts  of the settlem ent ca lcu la tio n s  are given in  the following 
tab le :
F inal Consolidation Settlem ent 
in  inches
F o u n d a t io n  c o n d i t i o n
Raft 15 f t .  above base of clay 3.6
P ile s , load a t base of p ile s 2.4
P ile s , load a t 2/3 p ile  p en e tra tio n  in to  clay 2.8
To these f ig u re s , which are fo r  conso lidation  se ttlem ent only, 
should be added the immediate se ttlem en t. This is  d i f f i c u l t  to 
c a lcu la te  with any degree of p rec is io n  and is  estim ated to  be 
about l | "  fo r  the r a f t ,  and 1" fo r the p iled  foundation.
I t  can be seen th a t the to ta l  p red ic ted  settlem ents fo r  a r a f t  
foundation amdunt to  5.1 inches. Even allowing fo r  a probable 
over-estim ate in  the se ttlem ent p red ic tio n s , i t  would appear th a t 
a p iled  foundation is  necessary in  order to  reduce the settlem ents 
to a to le ra b le  amount.
Considering now a p iled  so lu tio n  with the p ile s  p en e tra tin g  35 f t .  
in to  the clay , the range of ca lcu la ted  conso lidation  settlem ent is
2.4 to 2,8 inches. Dr, Simons was of the opinion th a t the actual 
conso lidation  settlem ent would be sm aller than th is  estim ated range 
because:
a) of inheren t e rro rs  in  settlem ents analysis based on oedometer 
te s ts  with over-consolidated clays such as London Clay,
Simons and Som (1970).
b) no account has been taken in  the ca lcu la tio n s  of the fa c t 
th a t the clay has, to  a c e r ta in  ex ten t, been preconsolidated 
by the weight of the e x is tin g  s tru c tu re  on the s i t e ,  and
c) the actual d is tr ib u tio n  of load in  the ground may well be 
more favourable than the two assumptions made in  the 
c a lc u la tio n s , due to  p a r t of the load being ca rrie d  by side 
f r ic t io n  thereby reducing the loading in te n s ity  d ire c tly  
under the s tru c tu re .
A fig u re  of 2" fo r the f in a l  conso lidation  settlem ent may well be 
more r e a l i s t i c  (and s t i l l  probably on the high side) which together 
with the immediate settlem ent of 1 inch, ind ica tes  a to ta l  f in a l  
se ttlem ent fo r p ile s  extending 35 fe e t in to  the clay , of 3 inches.
This would be acceptable but considera tion  should be given to the 
p o s s ib i l i ty  of reducing these settlem ents by extending the p ile s  
fu rth e r  in to  the c la y . .
An approximate ca lcu la tio n  in d ica tes  th a t by increasing  the p ile  
pen etra tio n  in to  the clay by 20 f t ,  fo r  example, (g iving a 
penetra tion  of 55 fe e t  in to  the c la y ) , the estim ated to ta l  
settlem ent of 3 inches would be decreased to  about 2^ inches.
Low R ise .S truc tu res
The re su lts  of the se ttlem en t ca lcu la tio n s  are given in  the 
follow ing tab le  assuming a net increase in  load of 0.4 to n s / s q .f t . ,  
th is  figu re  neglecting  the p reconso lidating  e f fe c t  of the e x is tin g  
s tru c tu re s .
F inal Consolidation Settlem ent 
in  inches
Foundation condition
Raft 15 f t .  above base of clay  1.3
P ile s , load a t base of p ile s  0 .8
P ile s , load a t 2/3 p i le  p en e tra tio n  in to  clay 1.0
For the reasons given prev iously , these calcu la ted  values are almost 
c e r ta in ly  on the high s id e . I f  f u l l  account is  taken, fo r  example, 
of the weight of the e x is tin g  s tru c tu re  p reconsolidating  the clay ,
then, in  fa c t ,  a s l ig h t  sw elling of the clay with time would be 
an tic ip a ted . Neglecting completely th is  p reconso lidating  e f fe c t ,  
a figu re  of i j "  fo r  the r a f t  and fo r the p iled  foundation would 
be a more r e a l i s t i c  assessment (and s t i l l  probably on the high side) 
of the f in a l  conso lidation  se ttlem en t. To these fig u res  should be 
added the immediate settlem ent which is  estim ated to  be of the 
order of ■§" fo r both types of foundation.
I t  can be seen th a t these ca lcu la tio n s  ind ica te  th a t the p iled  
foundation would re s u l t  in  a s l ig h tly  g rea te r d i f f e r e n t ia l  
settlem ent between the low r is e  s tru c tu re  and the towG'r block than 
would a r a f t ' foundation.
I t  should be noted th a t the fig u res  quoted above are maximum 
settlem ents fo r  po in ts ly ing  under the centres of loaded areas and 
do not give an in d ica tio n  of expected re la tiv e  movement a t  the 
junctions between low r is e  s tru c tu re s  and tower blocks. Because 
of the ac tua l s tre s s  d is tr ib u tio n  in  the ground under such, junctions, 
the re la t iv e  movements here w ill be n eg lig ib le .
Conclusions
In order to reduce the d i f f e r e n t ia l  settlem ent between the tower 
blocks and the low r is e  s tru c tu re s , i t  may be advantageous to 
found the low r is e  s tru c tu re s  on r a f ts .
The p rin c ip le  of using d if fe re n t types of foundation fo r  d iffe re n t 
p a rts  of the same p ro je c t having d iffe r in g  loading in te n s i t ie s  is  
well known and has been discussed fo r example by Skempton (1955),
In London, mixed foundations to minimise d if f e r e n t ia l  settlem ents 
between d if fe re n t p a rts  of the same p ro je c t have been adopted at:
a) The Shell B uilding, South Bank
b) B.P. House, Moorfields
c) E le c tr ic a l  Engineering Building, Im perial College.
I t  is  possib ly  more usual, however, not to mix foundation types 
and to found the whole of th is  type of p ro jec t on p i le s .  In any 
case, the load d isp ersio n  between the tower and low r is e  blocks
is  a gradual t ra n s i t io n  so th a t any d if f e r e n t ia l  se ttlem ent isX 1
-spread over a considerable length of each block.
From the geotechnical po in t of view, i t  was concluded th a t e i th e r  
a r a f t  foundation in  the gravel or a p iled  foundation in to  the 
London Clay would re s u l t  in  a s a tis fa c to ry  so lu tio n  fo r  the low 
r is e  s tru c tu re s , while a p iled  foundation is  required fo r  the 
tower blocks .
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1 . 5  L i t e r a t u r e
1.5 .1  In troduction
In reviewing the various foundation designs which were su ita b le  fo r  
Blocks B and C, the av ailab le  l i te r a tu r e  was consulted to  see how 
o ther Engineers had tackled  the problem of p red ic tin g  and minimising 
settlem ent on clay  s o ils  by using p iled  foundations and by taking 
cognisance of the r e l ie f  due to over-burden.
In the l i t e r a tu r e ,  there  was adequate inform ation on indiv idual 
p ile- se ttlem en ts , but only a lim ited  amount on group settlem en t.
Group settlem en t, fo r  e i th e r  s tra ig h t-sh a f te d  or fo r b e lled  base p i le s ,  
was tre a ted  as though each p i le  type was s im ila r to  the o ther. The 
design approach fo r  group settlem ent was usually  tre a te d  em pirica lly .
None of these , however, d e a lt with the question of what load the 
p ile s  themselves should be designed fo r, whether the gross or 
the net.
I f  a belled  base type p i le  was used fo r  the foundation, the load 
was usually  considered to ac t a t the underside of the bases, whereas 
the load was considered to  a c t, say, tw o-thirds of the way down the 
sh a ft fo r  a s tra ig h t-sh a f te d  p i le  group. There appeared to  be 
a co n trad ic tio n  here, in  th a t s tra ig h t-sh a f te d  p ile s  carry  th e ir  
load with le ss  settlem ent than the belled  type, which carry  th e ir  
load p rin c ip a lly  by end bearing. The length of a s tra ig h t-sh a f te d  
p ile  may be longer to carry  a s im ila r  load to th a t of a belled  base 
p ile  -  neverthe less , i t s  se ttlem ent a t working load is  le ss  than a 
belled  base p i le .
Another suggestion is  th a t e la s t ic  settlem ent might be due to 
f r ic t io n a l  s tre s se s  on the p ile  block and conso lidation  se ttlem ent 
could be considered to be due to the base load only.
Depending on which method is  chosen, fo r a s im ila r  load, settlem ent 
p red ic tions could vary  between 140 mm and 63 mm.
1 , 5 . 2  R e v ie w  o f  L i t e r a t u r e
(a) Settlem ent Analysis Techniques
Settlem ent analysis is  not new. In fa c t ,  the p u b lica tio n  in  1924 
of Terzaghi’s famous conso lidation  work is  c red ited  w ith s ta r t in g  
modern s o il  mechanics. This theory provided the means fo r 
determining:
( i )  the u ltim ate  se ttlem ent
( i i )  the ra te  of settlem ent re su ltin g  from 
conso lidation  of a lay er of sa tu ra ted  
clay .
T erzaghi's  o r ig in a l so lu tio n  was developed fo r a layer of clay 
subjected  to  a pressure increment over a large area, so th a t 
there  could be no h o rizon ta l deformations of the clay , and fo r a 
uniform .d is trib u tio n  of excess hyd rosta tic  pressure w ith in  the clay 
lay er i t s e l f .  Conditions in  the f ie ld ,  however, generally  d if f e r  
from the sim plify ing assumptions th a t  have to be made in  the an a ly sis . 
For example, one dimensional s tr a in ,  re su ltin g , fo r over consolidated 
clays in  p a r t ic u la r ,  in  an over estim ate of the magnitude of the 
se ttlem en t.
This one dimensional theory of conso lidation  is  based on the 
assumption th a t  no la te r a l  s tra in s  are p resen t. This assumption is  
approximately tru e  fo r  a t le a s t  two p ra c tic a l cases:
( i )  th a t of a th in  layer of clay ly ing between beds of sand or 
between sand and rock.
( i i )  th a t of a loaded area of h o rizon ta l ex ten t which is  great 
compared with the thickness of the underlying clay , when the la te r a l  
s t r a in  w ill be n eg lig ib le  except near the edges of the loaded area.
In cases such as these , the conso lidation  settlem ent can be 
estim ated with reasonable accuracy by a d ire c t ap p lica tio n  of 
the oedometer t e s t  r e s u l ts .  Under th is  spec ia l cond ition , the 
pore pressure s e t  up in  a sa tu ra ted  clay by an applied p ressure, 
is  always equal p re c ise ly  to the applied v e r t ic a l  pressure 
irre sp e c tiv e  of the type of c lay , provided only th a t  i t  is  
sa tu ra ted .
An im portant improvement to  se ttlem en t analysis was made by 
Skempton and Bjerrum (1957), They recognised th a t an element of 
s o i l  underneath the foundation undergoes a la te r a l  deformation as 
a re s u lt  of applied loading, and th a t the subsequent conso lidation  
is  a function  of the excess pore-w ater pressure s e t  up in  the 
clay . They derived a formula:
s o i l  type and. the geometry of the foundation.
I t  was assumed,however, th a t the re la tio n sh ip  between ax ia l 
com pressib ility  and e ffe c tiv e  s tre s s  could be determined in  the 
standard oedometer t e s t  ( i . e .  the influence of la te r a l  s tre s se s  on 
the s tre s s  deformation c h a ra c te r is t ic s  of the s o il  was not taken 
in to  account). In th e i r  Paper, they proposed th a t : -  
The settlem ent of a foundation on a sa tu ra ted  clay was composed 
ch ie fly  of the "immediate" settlem en t due to deformations taking 
place a t  constant volume and the "consolidation" se ttlem ent owing 
to  volume reduction consequent upon the d iss ip a tio n  of pore p ressures.
z
where (nO  and ACFy are as before and is  a function  of the
This l a t t e r  component is  dependent on the pore pressures s e t up by 
the foundation load and.these pore pressures are themselves 
dependent on the type of clay . Their approximate theory took in to  
acount the type of c lay . Comparisons with observed se ttlem ent in  
a number of p ra c tic a l cases show the theory to be an improvement 
on T erzaghi's  methods of ca lcu la tio n .
Lambe (1964) reviewed methods of p red ic tin g  how much s tru c tu re s  
would s e t t l e  as a re s u l t  of the compression of sa tu ra ted  s o i l  
underneath i t .  This examination was based on both th e o re tic a l 
considerations and experim ental da ta . Concepts which had recen tly  
been developed of the s t r e s s - s t r a in  behaviour of sa tu ra ted  cohesive 
s o ils  were an e sp ec ia lly  im portant p a r t of th is  examination. Some 
of the s ta te d  and implied assumptions underlying methods of 
se ttlem ent analysis  cu rren tly  used a t th a t time were noted and 
considered and a new method of settlem ent analysis was proposed. 
This was the s tre s s  path approach.
By using re su lts  of laborato ry  te s t s  duplicating  f ie ld  e ffe c tiv e  
s tre s s  path , Lambe noted th a t  the e ffe c tiv e  s tre s s  path settlem ent 
method consisted  of the follow ing s te p s :-
1. Estim ating the e f fe c tiv e  s tre s s  path fo r 
f ie ld  loading.
2. Running a laboratory  compression te s t  
dup lica ting  the f ie ld  e f fe c tiv e  s tre s s  path.
3. Computing a se ttlem ent by m ultiplying the 
thickness of the lay e r under consideration  by 
the ax ia l s t r a in  from the laboratory  t e s t .
To estim ate the e ffe c tiv e  s tre s s  path fo r  the f ie ld  case, the 
following procedures are involved:
1. Estimate the f ie ld  loading plan.
2. Determine the increments of to ta l  s tr e s s ,
» ;for loading plan.
3. Estim ate the f ie ld  excess pore p ressures.
The e ffe c tiv e  s tre s s  path settlem ent method is  simple in  
p r in c ip le , but unfortunately  d i f f i c u l t  in  execution.
The s tre s s  path method appeared more th e o re tic a lly  v a lid  than the 
o ther two e a r l ie r  methods but there were unfortunately  important 
u n ce rta in tie s  in  a l l  th ree methods of settlem ent an a ly sis . One of 
these is  the accuracy of the computed values of to ta l  s tre s s  
increm ents. I t  was not known how c lo se ly  to ta l  s tre s s  increments 
computed by e la s t ic  theory agreed with those th a t ac tu a lly  ex isted  
in  the f ie ld ,  or how these to ta l  s tre s s  increments varied during 
conso lidation . Furthermore, l i t t l e  was known about the types of 
s tr a in  th a t ac tu a lly  occurred during f ie ld  se ttlem ent. Lambe asked 
i f  the la te r a l  s tra in s  in  the f ie ld  were the same as those ind icated  
by the analysis used. In add ition , the disturbance to  the s o il  
s tru c tu re  during sampling, specimen handling and the te s tin g  probably 
serio u sly  influenced the s tre s s  s t r a in  curves obtained by the 
laboratory  te s tin g . Lambe concluded th a t the s tre s s  path  concept 
was a powerful too l fo r solving deformation problems in  s o il  
engineering. In p a r t ic u la r ,  the e ffe c tiv e  s tre s s  path settlem ent 
method which Lambe proposed had these advantages over methods then 
commonly used:-
1. I t  could handle types of se ttlem ent problems 
fo r  which o ther methods were inadequate.
2. I t  enabled the engineer to  estim ate the 
immediate and conso lidation  settlem ent 
components from a s ing le  co n sis ten t ana lysis .
3. I t  o ffe rs  considerable in s ig h t in to  the 
se ttlem ent problem under study.
Simons and Som (1970) made an im portant co n trib u tio n  to s tre s s  path 
an a ly s is , giving an account of experim ental and th e o re tic a l 
in v estig a tio n s  in to  various fac to rs  which a ffe c t the deformation 
and conso lidation  c h a ra c te r is t ic s  of London Clay. In th e ir  summary, 
Simons and Som s ta te  t h a t : -
' I t  has been found th a t d ire c t  use of standard undrained compression 
te s ts  to., determine the e la s t ic  modulus, and oedometer te s ts  to 
measure the ax ia l co m p ressib ility , may lead to  appreciable over­
estim ates when ca lcu la tin g  the settlem ents of s tru c tu re s  on London 
Clay. The volum etric com pressib ility  has been found to be reasonably 
independent of the magnitude of the la te r a l  e ffe c tiv e  s tr e s s ,  but the 
ax ia l com pressib ility  is  g rea tly  influenced by the ra t io  of la te r a l  
to v e r tic a l e f fe c tiv e  s tr e s s .  A method is  given fo r  estim ating  the 
re la tiv e  magnitude of ax ia l and volumetric co m p ress ib ilitie s  as a 
function  of th is  e f fe c tiv e  s tre s s  r a t io ' .
The re su lts  of oedometer t e s t s ,  allowing a r e s t  period of 90 days 
under load, followed by small load increments, suggest th a t a 
threshold  value, which must be exceeded before s ig n if ic a n t settlem ent 
occurs, may e x is t  fo r  London Clay.
A study of case records of observed settlem ents of s tru c tu re s  on 
normally consolidated and overconsolidated clays shows th a t 
important d ifferences e x is t  in  the deformation behaviour of the 
two types of clay .
I t  is  concluded th a t ’the d is tr ib u tio n  of s tre s se s  in  an e la s tic  
medium whose modulus of e la s t ic i ty  varies l in e a r ly  w ith depth does 
not d i f f e r  s ig n if ic a n tly  from the c la s s ic a l  Boussinesq d is tr ib u tio n * ,
They reviewed Skempton and Bjerrum*s, and Terzaghi*s method of 
p red ic tin g  settlem ents and concluded th a t fa b e tte r  laboratory  
procedure to  p re d ic t the deformation of a s o i l  under a given 
foundation loading,' would be to t e s t  the s o il  by applying as c lo se ly  
as possib le  the same s tre s s  changes as those to  which the s o il  w ill 
be subjected  in  the f ie ld .  Moreover, s o il  behaviour being generally  
non-linear, deformation p ro p e rtie s , such as the undrained e la s t ic  
modulus, P o isson 's  r a t io ,  and the drained com pressib ility , vary 
with s tre s s  lev e l and i t  is  also  d esirab le  th a t a s o il  specimen, 
a f te r  sampling, be f i r s t  brought back to  the s tre s s  system in i t i a l ly  
p rev a ilin g  in  the ground, before sub jec ting  i t  to  the s tre s s  changes 
i t  is  lik e ly  to undergo on load ing’ .
Thus the concept of s tre s s  path te s t in g , fo r  example Lambe (1964 
and 1967) lo g ic a lly  follow s, and i t  is  th is  aspect of the behaviour 
of the overconsolidated London Clay which formed the major p a rt of 
th e i r  repo rt. In p a r t ic u la r ,  the influence of la te r a l  s tre sse s  on 
the deformation c h a ra c te r is t ic s  of undisturbed London Clay, using 
block samples obtained from excavations a t Oxford Circus and High 
Ongar, was studied  using both t r i a x ia l  and oedometer t e s t s .  Other
fac to rs  which were in v estig a ted  using oedometers include:
1. The e f fe c t  of r e s t  period under constant 
load and the magnitude of subsequent 
loading increments.
2. The influence of co n tro lled  ra te  of s tr a in  
type te s t s ,  on the com pressib ility  of the 
London Clay.
Simons and Som described a s tre s s  path as e s se n tia lly  a lin e  
drawn through po in ts  on a p lo t of s tre s s  changes and shows the 
re la tio n sh ip  between components of s tre s s  a t various stages in  
moving from one s tre s s  poin t to another. S tress paths can be 
p lo tte d  in  a v a rie ty  of ways and in  studying the deformation of 
s o i ls ,  a simple p lo t of v e r t ic a l  s tre s s  (e ffe c tiv e  or to ta l)  against 
ho rizon ta l s tre s s  (e ffe c tiv e  o r to ta l)  was found to  be convenient 
and was the system adopted in  th e i r  rep o rt. C onsideration was 
only given to the cases where,by v ir tu e  of symmetry, the immediate 
and minor p rin c ip a l s tre s se s  were equal and where the v e r t ic a l  and 
horizon ta l s tre s se s  are the p rin c ip a l s tre s se s . For the s tre s s  
path methods, the settlem ent is  given by the formula:
Sc. =  f x  . ( 7nv )3  * AT-J* d z
o
where A "U is  the increase in  pore-w ater pressure under 
undrained loading which d is s ip a te s , re su ltin g  in  the conso lidation  
settlem ent; (m ) is  the c o e ff ic ie n t of volume com pressib ility  fo r
V O
th ree dimensional s tr a in ,  which has been shown to be independent 
of the type of t e s t  fo r p ra c tic a l  purposes; is  the ra tio
of v e r t ic a l  s t r a in  to the volum etric s tr a in  which has been shown 
to be highly s e n s itiv e  to the s tre s s  increment r a t io s .
In th e i r  conclusions, they drew a tte n tio n  to several important 
p o in ts : -
1. Experimental work has ind icated  th a t the 
volumetric com pressib ility  of London Clay is  
prim arily  a function  of e ffe c tiv e  v e r tic a l 
s tre s s  and is  la rg e ly  independent of la te r a l  
s tr e s s ,  a t leab t w ith in  the range of s tre s se s  
covered by the te s t in g  programme, but the 
v e r t ic a l  s t r a in  is  g rea tly  influenced by the 
re la t iv e  magnitude of the v e r tic a l  and la te r a l  
s tre s s  increments during conso lidation . D irect 
use of oedometer t e s t  re su lts  does not th erefo re  
re su lt  in  accurate p red ic tions of se ttlem en t, 
even i f  account is  taken of the d iffe re n t excess
, pore-w ater p ressures s e t  up in  the oedometer and 
in  the oedometer and in  the f ie ld ,
2. A th resho ld  value of possib ly  10% of the in  s i tu  
e f fe c tiv e  overburden pressure fo r  London Clay, 
which must be exceeded before s ig n if ic a n t 
settlem ent takes p lace , i s  suggested by the re su lts  
of oedometer te s ts  which allowed a re s t  period 
under load of 90 days, followed by small load 
increm ents. This consequently reduces the 
e f fe c tiv e  depth beneath a foundation which 
con tribu tes  towards the conso lidation  settlem ent
of a s tru c tu re .
20.
3. A method of settlem ent analysis  taking a l l  these 
fac to rs  in to  considera tion  re su lts  in  a sm aller 
ca lcu la ted  settlem ent than th a t given e i th e r  by 
the conventional or the Skempton and Bjerrum 
method of an a ly sis . These l a t t e r  methods are 
th erefo re  on the safe s id e .
4. From a study of case records of the observed 
settlem ents of a number of s tru c tu re s  on over­
consolidated c lays, i t  has been found th a t:
a) More than 50% of the to ta l  
observed settlem ent occurs 
during the construction  
period . For normally 
consolidated c lays, only 
about 15% of the to ta l  
settlem ent develops during 
construction ,
b) The secondary settlem ents are 
sm all, being only about 10% 
of the primary conso lidation  
se ttlem en t. For so f t ,  normally 
consolidated clays the corresponding 
figu re  is  about 30%.
c) The observed ra te  of conso lidation  
settlem ent is  comparatively rapid; 
primary conso lidation  appears to be 
complete a t times varying from 1.5
construc tion , average 4 years, the 
corresponding fig u res  fo r  normally 
consolidated clays being 4 and 25 
years, average 10 years.
In the s tre s s  path method, an attempt is  made to represen t in  the 
laboratory  the ac tua l s tre s s  in  the ground in  the f ie ld .  Unlike- 
the oedometer t e s t ,  the s tre s s  path method varies the horizon ta l 
s tre s s  in  the laborato ry .
For most p ra c tic a l  purposes, i t  is  e a s ie r  to use the oedometer 
values and a Skempton and Bjernun fa c to r  of 0.5 fo r London Clay.
The s tre s s  path method is  com paratively complicated and time- 
consuming in  the laborato ry  and would only be ju s t i f ie d  on a very 
large p ro je c t.
(b) Settlem ent of Individual P ile s  and P ile  Groups 
Whitaker (1964) described experiments on models of p i le  groups in  
clay s o il  to determine the influence of the number, length and 
pacing of p ile s  on group-bearing capacity  and se ttlem en t, and 
on the way in  which a load is  shared by p ile s  in  a model group.
He found th a t fo r  square groups of given number and length of p i le s ,  
there  was a value of p ile  spacing a t which the mode of fa ilu re  was 
by the p ile s  and s o il  enclosed w ith in  the perim eter of the group 
sinking as a block. For wider spacings, fa i lu re  was by loca l 
p en e tra tio n  of ind iv idual p ile s .
c )  t o  7 . 5  y e a r s  a f t e r  t h e  s t a r t  o f
The experiments on the d is tr ib u tio n  of load showed th a t  fo r a 
large range of loading, the corner p ile s  in  a group take the 
la rg e s t and the cen tre  the sm allest proportion of load, and th a t 
the proportion of load taken by any p i le  increases with i t s  
d istance from the cen tre  of the group,
Whitaker concluded, from h is te s ts  of .square groups of model p i le s ,  
th a t fo r  a given length  and number of p ile s , there  is  fo r  each 
group a unique value of spacing a t  which the mechanism of group 
f a i lu re  changes. For spacings c lo se r than th is  value, fa i lu re  is  
accompanied by the form ation of a s l ip  p lane jo in ing  the perim eter 
p i le s ,  i . e .  "block" fa i lu re  occurs. For wider spacings, th is  is  
not so, and fa i lu re  seems to be associated  with the lo ca l pen etra tio n  
of some or a l l  of the p ile s  in to  the s o il .
This tra n s i t io n  from "block" to  lo ca l f a ilu re  occurs a t 2 |d  spacing
2fo r p ile s  48d long in  9 groups, and a t p rogressively  c lo se r  spacings 
fo r  sh o rte r  p ile s  and sm aller groups. For a number of groups, the 
t ra n s i t io n  po in t is  beyond the range of spacings te s ts ;  th a t i s ,  
i t  is  le ss  than l^d. For spacings causing block f a i lu r e ,  the 
e ffic ien cy  f a l l s  rap id ly  w ith c lo se r spacing, but fo r  spacings above 
the t r a n s i t io n  p o in t, i t  increases slowly with spacing.
The change in ' the mechanism of f a i lu re  also  has a marked e f fe c t upon 
the values of se ttlem ent r a t io .  The highest values of settlem ent 
ra t io  a t f a i lu re  and a t h a lf f a i l in g  load fo r  a group of given s iz e , 
occur a t t ra n s i t io n  p o in t, decreasing rap id ly  w ith c lo se r  spacing 
and le ss  rap id ly  w ith wider spacing.
Terzaghi and Peck (1967) include a sec tio n  on the settlem ent 
c h a ra c te r is tic s  of p ile  groups. They drew a tte n tio n  to the 
requirements to minimise settlem ent of f r ic t io n  p ile  groups, 
namely, 'th e  u ltim ate  bearing capacity  of a f r ic t io n  p i le  group 
increases with increasing  spacing. Furthermore, a t a given load 
per p i le ,  the se ttlem en t of a c lu s te r  consis ting  of a given 
number of p ile s  decreases as the spacing increases. Hence, i t  
would appear th a t  a f a i r ly  large spacing is  advantageous. However, 
as y e t, em pirical data  concerning the e f fe c t of spacing on the 
settlem ent are very s c a rc e '.
' I f  the number of p ile s  in  a group is  increased a t a given spacing 
and a t a given load per p i le ,  both the in te n s ity  of the g rea te s t 
s tre s s  in  the s o il  and the depth of the highly s tre sse d  zone 
increases. The se ttlem ent of a p ile-supported  foundation covering 
a large area is  g rea te r  than th a t of a sm aller foundation supported 
by equally  loaded p ile s  of the same length  and driven a t  the same 
spacing. S im ilarly , the settlem ent of a foundation covering a 
given area and supporting a given to ta l  load decreases with 
increasing  length of the p i le s ,  in  sp ite  of the fa c t th a t fewer 
p ile s  are needed to  carry  the load. These conclusions are 
confirmed by experience in  every c i ty  where the s o il  conditions c a l l  
fo r  f lo a tin g  p i le  foundations, Clarke and Watson (1936).'
They went on to give an approximate method fo r estim ating
settlem ent of p i le  foundations using the following sim plifying 
assum ptions:-
1, Above the lev e l of the lower th ird -p o in t of the
length of the p i le s ,  the water content of the 
clay remains unchanged, and below th is  level
conso lidation  proceeds as i f  the building 
were supported on a f le x ib le  r a f t  located 
a t th a t  le v e l.
2. The presence of the p ile s  is  d isregarded.
According to  these assumptions, they concluded 
th a t the b en e fit derived from the p ile s  is  
equivalent to  rep lacing  the subsoil by a 
p ra c tic a lly  incom pressible m ateria l th a t 
extends from the base of the foundation to a • 
depth equal to tw o-th irds of the length  of the 
p i le s .  I f  th is  depth is  several times g re a te r  
than the width of the fo o tin g s , and the footings 
are widely spaced, the settlem ent of the p ile  
foundation w ill be sm all, no m atter how bad the 
subso il may be. On the o ther hand, i f  th is  
depth is  considerably sm aller than the width of 
the, loaded area, and the loaded area i s  la rg e , 
th e  u ltim ate  se ttlem ent may be excessive even 
under a moderate load. They s ta ted  th a t these 
conclusions have been co n s is ten tly  confirmed by 
experience. Both experience and theory have also  
shown th a t  r a f t  foundations supported by uniformly 
loaded and equally  spaced f r ic t io n  p i le s ,  lik e  
simple r a f t  foundations, always tend to  assume the 
shape of a shallow bowl.
The I n s t i tu te  of C iv il Engineers and the Concrete Society organised 
a symposium in  1966, on Large Bored P ile s . There were many important 
co n trib u tio n s , in  p a r t ic u la r  a paper by Whitaker and Cooke, and 
another by Fleming and Steger.
In the Whitaker and Cooke paper, d e ta ils  were given of an 
em pirical formula fo r  re la tin g  the sh a ft f r ic t io n  to the bearing 
resis tan ce  of the base tak ing  in to  account in te r - r e la te d  load 
fac to rs  and lim ita tio n s  on se ttlem en t. Factors of sa fe ty  were 
also discussed in  re la tio n  to th is .  This paper did not deal with 
p ile s  in  groups, nor settlem ent due to conso lidation .
Fleming and S te g e r 's  paper considered th a t : -  ’the main problems 
concerned with se ttlem ent and d if f e r e n t ia l  se ttlem ent a r ise  when 
foundations r e s t  on compressible s o i ls .  They also proposed th a t 
a reasonable estim ate of the order of magnitude of to ta l  settlem ent 
could be made by normal s o il  mechanics' methods but d if f e r e n t ia l  
settlem ents are le ss  e a s ily  a s se s se d ,. the amount of d if f e r e n t ia l  
settlem ent which can be to le ra te d  by a s tru c tu re  is  dependent upon 
i t s  method of construc tion , i t s  purpose and the d es ire  to  lim it 
unsigh tly  t i l t i n g  and cracking. The fa c to r  of sa fe ty  fo r  any 
foundation member must be adequate. The d if f e r e n t ia l  movements 
to be expected with any s tru c tu re  should not be associated  too 
c lo se ly  with the performance of an ind iv idual p ile  under t e s t ,  but 
judgement should be applied in  se le c tin g  each foundation member so 
th a t i t  may, as i t  s e t t l e s ,  s e t  up minimal in te rn a l s tre s se s  in  
the bu ild ing . They re fe rred  to  the standard methods fo r  ca lcu la tin g  
general immediate and conso lida tion  settlem ent ou tlined  by 
Tomlinson (1969). They s ta te d  th a t fo r p iled  foundations, the 
c a lcu la tio n  of settlem ent is  usually  based on the assumption of an 
e ffe c tiv e  f le x ib le  r a f t  a t tw o-th irds of the depth of the s o i l ,  and 
the area of the e f fe c tiv e  r a f t  is  determined by considering a 1 in  4 
spread of load from the e ffe c tiv e  top of the p ile  cu t o ff , or the 
lev e l of the top of main supporting s tr a ta .  Where p ile s  derive th e ir  
load mainly by end-bearing re s is ta n c e , the equivalent r a f t  is
se lec ted  a t the p ile  toe lev e l and i t s  area is  assumed to be th a t 
covered by the p ile  bases. They published settlem en t figu res fo r  
various build ings in  the United Kingdom and concluded th a t i t  is 
probable th a t s im ila r  to  shallow foundations, the magnitude of 
settlem ent is  generally  over-estim ated in  overconsolidated clays 
and frequently  under-estim ated in  normally consolidated clays. In 
granular s o ils  too , there  are ind ica tions th a t settlem ents are 
o ften  over-estim ated except in  the case of very loose f in e  sands 
and s i l t s .
Poulos (1968) claimed th a t the method'of analysis presented in  the 
Paper enables the se ttlem en t behaviour of a l l  configurations of p ile  
groups to  be determined by considering only the e f fe c ts  of in te r ­
ac tion  between two p ile s  and superimposing the ind iv idual e ffe c ts  
of adjacent p ile s  in  the group. I t  i s ,  th e re fo re , possib le  to 
re la te  the settlem ent of a p i le  group to the settlem ent of a s in g le  
p i le .
Solutions have been obtained fo r  the settlem ent and the load 
d is tr ib u tio n  in  a group with a p e rfe c tly  r ig id  p i le  cap and fo r the 
maximum settlem ent and the maximum d if f e r e n t ia l  se ttlem ent of a 
group with a p e rfe c tly  f le x ib le  p ile  cap.
The influence of the type of group, the re la tiv e  length L/d of 
the p ile s  in  the group and the re la tiv e  depth h/L of the s o il  layer 
on the settlem en t behaviour of a p ile  group have been examined.
( c )  S e t t l e m e n t s  o f  R a f t  F o u n d a t io n s  o r  C om b in ed  P i l e d  and
Raft Foundations.
Zeevaert (1957) described an extremely successful design fo r a 
p iled  r a f t  foundation on the highly compressible volcanic clay of
Mexico C ity . A 6 m deep basement was excavated to  reduce the gross
2 2 pressure of 123,4 kN/m to a net pressure of 30.67 kN/m and th is  net
pressure was ca rried  by 260 kN p ile s  to  a firm  sand stratum  a t 24 m
depth,
A care fu l assessment was made of the com pressib ility  curves for- 
the volcanic clay a t d if fe re n t depths and the net increase in  
pressure was kept below the c r i t i c a l  compressive pressure Pb 
(equivalent to P fc ) . The shear s tre s s  on the perim eter of the 
f r ic t io n  p i le s ,  acting  as a block, was kept well below the shear 
streng th ' of the surrounding clay . The block of clay  w ithin  the 
p ile  perim eter was loaded approximately to  the o r ig in a l undisturbed 
p ressure, and the net increase in  pie ssure was ca rried  down to the 
le ss  compressible clay deposits  a t i t s  base.
The o v era ll 30 cm settlem ent of the p ile  block was ca re fu lly  
designed to  keep in  step  with the- surface subsidence caused by the 
reduction of the piezom etric water lev e ls  a t depths below 28 m.
By th is  means, a considerable economy was achieved, together w ith 
a co n tro lled  se ttlem en t, which elim inated the undesirable fea tu re  
of the surrounding ground s e t t l in g  away from the bu ild ing , owing 
to  the well-known ground surface subsidence of Mexico C ity.
Simons (1966) asked lour questions which should be considered 
when designing a p iled  r a f t ,  when the p ile s  were provided mainly 
to reduce settlem ent;
a) Design fo r gross or net loadings
b) The e f fe c t  of the r a f t  and p ile s  together 
on the bearing capacity  of a p iled  r a f t .
c> The maximum allowable se ttlem en ts.
d) The method of. ca lcu la tin g  settlem en ts.
He also  touched on the various design assumptions adopted by 
Engineers and noted the lack of uniform ity of approach. Most 
Engineers a t th is  time designed the p ile s  to  carry  the gross load, 
while o thers designed fo r the net loading. Having determined the 
loading to  be ca rrie d  the method which was generally  adopted, of 
basing the design on f a i lu re  considerations of ind iv idual p ile s  
and neglecting the influence of the r a f t  i t s e l f ,  would not re su lt  
in  a co rrec t so lu tio n  to the design problem.
In the summing up, P rofesso r A.W. Skempton f e l t  sure the conference 
would agree th a t the questions asked by Dr, Simons were highly 
relevan t and almost unanswerable a t th a t time,
Bjerrum (1967) reviews se ttlem ent ca lcu la tio n s  and observations fo r 
bu ild ing  on highly compressible and * quick ' clays a t Drammen, 
D esalination  has produced a reduction in  the p la s t ic i ty  index of 
the clay . The water content of these clays is  now considerably 
higher than the liq u id  l im it. The s e n s i t iv i ty  of the quick c lays, 
defined as the ra t io  of undisturbed to  remoulded shear s tren g th  is  
in  the order of 100.
C alculated settlem ents of 25 to  100 cm have been made fo r  fiv e  
build ings in  Drammen. These massive settlem ents are considerably 
la rg e r than any acceptable maximum fo r  the United Kingdom.
For London Clay, Pc' i s  so fa r  above Po1 th a t l i t t l e  d if f ic u l ty  
is  lik e ly  to  be experienced with the massive conso lidation  settlem ents 
which have been experienced in  Drammen.
An extremely help fu l p u b lica tio n , Hooper (1973), is  summarised 
below.
The behaviour of a p i le d - r a f t  foundation supporting a tower block 
in  cen tra l London has been stud ied  in  d e ta i l .  C onstruction of the 
foundation took place in  1967 and load c e l ls  were in s ta l le d  to 
measure p ile  loads and r a f t  contact pressures during and a f te r  
construction . In add ition , le v e llin g  sockets were b u i l t  in to  the 
substructu re  to  f a c i l i t a t e  the measurement of foundation displacem ents. 
The f ie ld  measurements taken during several years are presented, 
together w ith the re su lts  of a d e ta ile d  f in i te  element analysis of 
the p i le d - r a f t  foundation. In view of the geom etrical complexity of 
the problem, su rp ris in g ly  good agreement has been obtained between 
measured and computed values of load and displacem ent. The a n a ly tic a l 
work also demonstrates the influence of the various fac to rs  con trib u tin g  
to the observed behaviour of the foundation. Of p a r t ic u la r  importance 
in  th is  resp ec t, are the depth and method of construc tion  of the 
basement, the v a r ia tio n  of s o il  deformation modulus w ith depth and 
the co n trib u tio n  of the substruc tu re  to the ov era ll bending s ti f fn e s s  
of the foundation. The combined approach of re la tin g  f ie ld  measure­
ments to  the re su lts  of a numerical analysis has provided, fo r the 
f i r s t  time, a comprehensive in s ig h t in to  the behaviour of a p iled -  
r a f t  foundation on London Clay.
P l a t e  l o a d i n g  t e s t s  a t  2  L o n d o n  s i t e s  b y  M a r s l a n d  a r e  d e s c r i b e d .
I t  i s  p r o b a b l e  t h a t  t h e  r e s u l t s  a r e  m u c h  m o r e  r e p r e s e n t a t i v e  o f  
i n  s i t u  m o d u l i  t h a n  t h o s e  d e r i v e d  f r o m  l a b o r a t o r y  t e s t s .  V a l u e s  
f o r  H e n d o n  a n d  C h e l s e a  a r e  g i v e n ,
A  g e n e r a l  p a t t e r n  o f  l o a d  d i s t r i b u t i o n  w i t h i n  a  p i l e d  r a f t  e m e r g e s  
f r o m  t h e  s t u d y .
M e a s u r e d  a n d  c o m p u t e d  f o u n d a t i o n  d i s p l a c e m e n t s  *
T h e  g e n e r a l  f o r m  o f  t h e  c u r v e s  s t r o n g l y  s u g g e s t s  t h a t  b u i l d i n g  
s e t t l e m e n t  i s  a l m o s t  c o m p l e t e  o n l y  6 .y e a r s  a f t e r  t h e  e n d  o f  
c o n s t r u c t i o n .  P l o t t e d  r e s u l t s  s u g g e s t  t h a t  f i e l d  v a l u e s  o f  c v  a r e  
m u c h  h i g h e r  ( p o s s i b l y  b y  1 o r  e v e n  2 o r d e r s  o f  m a g n i t u d e )  t h a n  
t h e  t y p i c a l  v a l u e s  o b t a i n e d  f r o m  l a b o r a t o r y  o e d o m e t e r  t e s t s ,  
p r e s u m a b l y  d u e  t o  f i s s u r e s  a n d  l a m i n a t i o n s  i n  t h e  c l a y  m a s s .
C o n c l u s i o n s :
F o r  t h e  c o m p l e t e d  s t r u c t u r e  t h e  r a t i o  o f  u p l i f t  f o r c e  t o  v e r t i c a l  
s t r u c t u r a l  l o a d  i s  0 , 3 ,  a n d ,  b a s e d  o n  f i e l d  m e a s u r e m e n t s ,  t h e  
e s t i m a t e d  p r o p o r t i o n s  o f  t h e  t o t a l  a p p l i e d  l o a d  c a r r i e d  b y  t h e  
p i l e s  a n d  t h e  r a f t  a t  t h e  e n d  o f  c o n s t r u c t i o n  a r e  6 0  a n d  4 0 %  
r e s p e c t i v e l y .
B o t h  m e a s u r e d  a n d  c o m p u t e d  r e s u l t s  s u g g e s t  t h a t  a l l  p i l e s  w i t h i n  
t h e  g r o u p  a r e  c a r r y i n g  w i t h  t h e  s a m e  l o a d .  C o m p u t a t i o n s  a l s o  
p r e d i c t  a  r e a s o n a b l y  u n i f o r m  d i s t r i b u t i o n  o f  c o n t a c t  p r e s s u r e  
a c r o s s  t h e  r a f t ,  b u t  m e a s u r e d  p r e s s u r e s  a r e  s i g n i f i c a n t l y  h i g h e r  
a t  t h e  e d g e  t h a n  a t  t h e  c e n t r e .
T h e  e f f e c t  o f  r e m o v i n g  t h e  p i l e s  i s  t o  i n c r e a s e  t h e  c o m p u t e d  
s e t t l e m e n t  a t  t h e  r a f t  c e n t r e  b y  a  f a c t o r  o f  w i t h  1 .8  ( i . e .  f r o m  
1 4 . 9  t o  2 7 . 0 m m )  f o r  t h e  u n d r a i n e d  c a s e  a n d  b y  a  f a c t o r  o f  2 , 5  
( f r o m  1 9 . 7  t o  4 8 . 4  m m )  f o r  t h e  d r a i n e d .  M a x .  d i f f e r e n t i a l  
s e t t l e m e n t  i n c r e a s e s  b y  a  f a c t o r  o f  1.6  ( 3 . 7  t o  6 . 0m m ) f o r  b o t h  
c a s e s .
S e t t l e m e n t  o f  S t r u c t u r e s  ( 1 9 7 4 ) ,  B r i t i s h  G e o t e c h n i c a l  S o c i e t y .
A  s u m m a r y  o f  t w o  R e v i e w  P a p e r s ,  S e s s i o n s  X a n d  I I  a r e  g i v e n  b e l o w ,
a )  R e v i e w  P a p e r  : S e s s i o n  I
G r a n u l a r  m a t e r i a l s  -  S u t h e r l a n d ,  H . B ,
T h e  v a r i o u s  m e t h o d s  f o r  p r e d i c t i n g  f o o t i n g  s e t t l e m e n t  o n  s a n d s  
u s i n g  t h e  r e s u l t s  o f  p l a t e  b e a r i n g  a n d  p e n e t r o m e t e r  t e s t s  h a v e  b e e n  
r e v i e w e d ;  N o n e  w i l l  g i v e  a n  a c c u r a t e  p r e d i c t i o n  i n  a l l  s i t u a t i o n s  
a l t h o u g h  s o m e  g i v e  c o n s i s t e n t l y  m o r e  c o r r e c t  p r e d i c t i o n s  t h a n  o t h e r s .  
I t  c a n  b e  c o n c l u d e d  t h a t : -
( i )  T h e r e  i s  n o  r e l i a b l e  m e t h o d  f o r  e x t r a p o l a t i n g  s e t t l e m e n t  o f
a  s t a n d a r d  s i z e  p l a t e  l o a d  t e s t  t o  t h a t  o f  a n  a c t u a l  f o o t i n g  
a t  t h e  s a m e  l o c a t i o n .  B j e r r u m  a n d  E g g e s t a d  ( 1 9 6 3 )  e x a m i n e d  
t h e  T  8c P  e x t r a p o l a t i o n  u s i n g  t h e i r  e q u a t i o n :
a n d  c o n c l u d e d  i t s  u s e  c o u l d  l e a d  t o  a n  u n d e r e s t i m a t e  o f  
s e t t l e m e n t .  T h e  t r e n d s  i n d i c a t e d  f o r  l o o s e  m e d i u m  a n d  d e n s e  
s a n d s  w e r e  n o t  i n  a g r e e m e n t  w i t h  t h e  p l a t e  t e s t  r e s u l t s  o f  
d ' A p p o l o n i a  e t  a l ,  ( 1 9 6 8 )  o r  L e v y  8c M o r t o n  ( 1 9 7 4 ) ,  p r o b a b l y  
d u e  t o  l a c k  o f  r e l i a b l e  r e s u l t s  f r o m  s m a l l  s c a l e  p l a t e  t e s t s  
( q . v .  s o m e  o f  t h e  p l a t e  t e s t  r e s u l t s  o f  G a r g a  8c Q u i n ) .
S B  
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w h e r e  X  =  s e t t l e m e n t  o f  a . f o o t i n g  
B  w i d t h  B
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T e r z a g h i  a n d  P e c k  ( 1 9 4 8 ) ,  a l t h o u g h  i t  i s  a c c e p t e d  t h a t  t h i s  
l e a d s  t o  o v e r - c o n s e r v a t i v e  r e s u l t s  d u e  t o  t h e  c o n s e r v a t i v e  
n a t u r e  o f  t h e  i n t e r p r e t a t i o n  o f  t h e  p l a t e  t e s t s  o n  w h i c h  
t h e  c o r r e l a t i o n  w a s  b a s e d .  T h e r e  a r e  s e v e r a l  p r o p o s e d  
m o d i f i c a t i o n s .  M e y e r h o f f  ( 1 9 6 3 )  i n c r e a s e d  t h e  a l l o w a b l e  
b e a r i n g  p r e s s u r e  g i v e n  b y  t h e  T  & P  c o r r e l a t i o n  b y  5 0 %  a n d  
n e g l e c t e d  t h e  c o r r e c t i o n  f o r  t h e  i n f l u e n c e  o f  t h e  g r o u n d  
w a t e r  t a b l e  s i n c e  i t s  e f f e c t  i s  r e f l e c t e d  i n  t h e  m e a s u r e s  
S P T  v a l u e ,  a  v i e w  s h a r e d  b y  d ’ A p p o l o n i a  e t  a l ,  ( 1 9 7 0 )  a n d  
P a r r y  ( 1 9 7 1 ) .
P e c k  a n d  B a z a r a a  ( 1 9 6 9 )  a n d  P e c k ,  H a n s o n  & T h o r b u r n  ( 1 9 7 4 )  
b e l i e v e ,  o n  t h e  b a s i s  o f  f i e l d  e v i d e n c e ,  t h a t  t h e  p o s i t i o n  
o f  t h e  g r o u n d  w a t e r  l e v e l  i s  s i g n i f i c a n t  i n  s e t t l e m e n t  
p r e d i c t i o n .  H o w e v e r ,  t h e  c o r r e c t i o n  f o r  g r o u n d  w a t e r  e f f e c t s  
i s  n o w  l e s s  s e v e r e  t h a n  t h a t  p r o p o s e d  b y  T e r z a g h i  a n d  P e c k .
I t  i s  n o w  g e n e r a l l y  a c k n o w l e d g e d  t h a t  s o m e  c o r r e c t i o n  s h o u l d  
b e  m a d e  f o r  t h e  i n f l u e n c e  o f  t h e  e f f e c t i v e  o v e r b u r d e n  
p r e s s u r e  w h e n  u s i n g  a  T e r z a g h i  a n d  P e c k  t y p e  c o r r e l a t i o n .  
A l t h o u g h  v i e w s  d i f f e r  o n  t h e  v a l u e  o f  t h e  c o r r e c t i o n  f a c t o r ,  
i t  i s  f u t i l e  t o  c o m p a r e  t h e  c o r r e c t i o n  f a c t o r s  d i r e c t l y  a s  
t h e  d i f f e r e n t  c o r r e c t e d  S P T  v a l u e s  a r e  a p p l i e d  s u b s e q u e n t l y  
i n t o . ,  c h a r t s  b a s e d  o n  d i f f e r i n g  c o r r e l a t i o n s .
D ' A p p o l o n i a  e t  a l .  ( 1 9 7 0 )  a n d  P a r r y  ( 1 9 7 1 )  h a v e  a d v a n c e d  
d i r e c t  m e t h o d s  o f  p r e d i c t i n g  s e t t l e m e n t s  f r o m  S P T  v a l u e s  w h i c h  
s h o u l d  b e  f u r t h e r  s t u d i e d  u s i n g  m o r e  c a s e  r e c o r d s  t o  t r y  t o
( i i )  S e ttle m e n t p r e d ic t io n s  u s in g  SPT va lu es  o r ig in a te d  w ith
r e l a t e  s a n d  c o m p r e s s i b i l i t y  a n d  b l o w  c o u n t .  C o m p a r i s o n s  
r e v e a l  t h a t  n o  o n e  m e t h o d  c o n s i s t e n t l y  g i v e s  a  h i g h e r  o r  
l o w e r  e s t i m a t e  t h a n  a n o t h e r  a n d  s u c h  m e t h o d s  s h o u l d  b e  u s e d  
a s  d e s i g n  a i d s ,  n o t  c r i t i c a l  e n g i n e e r i n g  j u d g e m e n t s .
H o w e v e r ,  t h e  M e y e r h o f  ( 1 9 6 5 )  p r o c e d u r e  g i v e s  a  r e a s o n a b l e  
e s t i m a t e  o f  m a x i m u m  p r o b a b l e  s e t t l e m e n t .
( i i i )  A l t h o u g h  s e t t l e m e n t s  c a n  b e  p r e d i c t e d  b y  l a b o r a t o r y  t e s t s ,  
t h e  d i f f i c u l t i e s  i n  p r e p a r i n g  p r o p e r  s p e c i m e n s  a n d  o f  
t a k i n g  i n t o  a c c o u n t  t h e  s t r e s s  h i s t o r y  o f  t h e  i n  s i t u  
d e p o s i t s  m a k e - g e n e r a l  u s e  ■ u n l i k e l y .
( i v )  M o s t  m e t h o d s ,  e x c e p t i n g  t h a t  o f  S c h m e r t m a n n  ( 1 9 7 0 )  a s s u m e  
s a n d s  t o  b e  i n s t a n t l y  c o m p r e s s i b l e ;  b u t  s o m e  r e c o r d s  s h o w  
t h a t  t h e r e  h a v e  b e e n  c o n t i n u i n g  m o v e m e n t s  u n d e r  c o n d i t i o n s  
a p p a r e n t l y  i n f l u e n c e d  b y  o t h e r  c o m p r e s s i b l e  s t r a t a .
( v )  A l t h o u g h  p r e d i c t i o n  m e t h o d s  a r e  i m p r o v i n g ,  t h e y  a r e  n o  
s u b s t i t u t e  f o r  j u d g e m e n t  a n d  e x p e r i e n c e .
b )  R e v i e w  P a p e r  : S e s s i o n  I I
N o r m a l l y  c o n s o l i d a t e d  a n d  l i g h t l y  o v e r  c o n s o l i d a t e d  c o h e s i v e  
m a t e r i a l s  — S i m o n s ,  N . E .
I n i t i a l  S e t t l e m e n t  : T h i s  i s  g e n e r a l l y  c o n s i d e r e d  t o  b e  t h e
s e t t l e m e n t  o c c u r r i n g  u n d e r  c o n s t a n t  v o l .  ( u n d r a i n e d )  c o n d i t i o n s  
w h e n  t h e  c l a y  d e f o r m s  t o  a c c o m m o d a t e  t h e  i m p o s e d  s h e a r  s t r e s s e s  a n d
i*
i t  c a n  b e  c a l c u l a t e d  b y  v a r i o u s  m e t h o d s  ( L a m b e ,  1 9 7 3 ) .  H o w e v e r ,  
c a l c u l a t i o n  o f  i n i t i a l  s e t t l e m e n t  o f  m a n y  p r o b l e m s  i n  p r a c t i c e  i s  
b a s e d  o n  t h e  e l a s t i c  d i s p l a c e m e n t  m e t h o d .  A  c o n v e n i e n t  f o r m  o f
t h i s  s o l u t i o n  i s  g i v e n  b y  J a n b u ,  B j e r r u m  Sc K j a e r n s l i  ( 1 9 5 6 )  a s :
S 1 = q.B . uo ux 
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O b v i o u s l y ,  s u c h  a  s i m p l e  a p p r o a c h  i m p o s e s  f a i r l y  s e v e r e  l i m i t a t i o n s  
o n  t h e  a c c u r a c y  t o  b e  e x p e c t e d  i n  a n y  s p e c i f i e d  p r o b l e m .
T h e  m a i n  d i f f i c u l t  i n  t h e  p r e d i c t i o n  o f  i n i t i a l  s e t t l e m e n t  i s  i n  
d e t e r m i n i n g  E ^  ( t h e  d e f o r m a t i o n  m o d u l u s )  u s u a l l y  o b t a i n e d  f r o m  
l a b o r a t o r y  c o m p r e s s i o n  t e s t s  o r  o c c a s i o n a l l y  f r o m  f i e l d  l o a d i n g  
t e s t s .  I t  h a s  b e e n  s u g g e s t e d  t h a t  m o r e  r e a l i s t i c  E ^  d e t e r m i n a t i o n s  
w i l l  b e  o b t a i n e d  i f  s a m p l e s  a r e  r e c o n s o l i d a t e d  a n i s o t r o p i c a l l y  u n d e r  
a  s t r e s s  s y s t e m  e q u a l  t o  t h a t  i n  t h e  f i e l d  o r  i s o t r o p i c a l l y  t o  a  
s t r e s s  e q u a l  t o  1 / 2 - 1 / 3  o f  t h e  i n  s i t u  v e r t i c a l  s t r e s s .
F a c t o r s  t o  b e  c o n s i d e r e d  w h e n  u s i n g  c o n s o l i d a t e d  u n d r a i n e d  t e s t s
t o  e s t i m a t e  E  a r e : -
U )
1 .  T y p e  o f  c o n s o l i d a t i o n  ( i s o -  o r  a n i s o t r o p i c )
2 .  S t r e s s  l e v e l .
3 .  C o n s o l i d a t i o n  p e r i o d .
4 .  S t r e s s  p a t h  f o l l o w e d ,
5 .  R a t e  o f  s t r a i n .
6 .  T i m e  e l a p s e d  b e t w e e n  o p e n i n g  u p  a  t e s t  p i t  o r  d r i l l i n g  
a  b o r e  h o l e ,  t a k i n g  a  s a m p l e  a n d  t e s t i n g  i t .
7 .  S i z e  o f  s a m p l e .
8 .  O r i e n t a t i o n  o f  t h e  s a m p l e .
S h e e r  s t r e s s  l e v e l  i s  a  v e r y  i m p o r t a n t  f a c t o r  a n d  f i e l d  l o a d i n g  
t e s t s  u n d e r t a k e n  i n  N o r w a y  h a v e  y i e l d e d  v a l u a b l e  i n f o r m a t i o n  ( S e e  
H / e g ,  A n d e r s l a n d  Sc R o l f s e n  ( 1 9 6 9 ) ,  F r i m a n n  C l a u s e n  ( 1 9 6 9 , 1 9 7 0 )  a n d  
E n g e s g a a r  ( 1 9 7 0 ) ,
C onclusions
1 .  D e s p i t e  g r e a t  a d v a n c e s  i n  v a r i o u s  a s p e c t s  o f  s e t t l e m e n t  
p r e d i c t i o n ,  t h e r e  a r e  s t i l l  a r e a s  o f  m a j o r  u n c e r t a i n t y  a n d  
m o r e  w o r k  i s  n e e d e d  b e f o r e  r e l i a b l e  T y p e  A  ( L a m b e ,  1 9 7 3 )  
p r e d i c t i o n  c a n  b e  m a d e .
2 .  - M o r e  r e g i o n a l  s t u d i e s  a r e  n e e d e d  o f  t h e  k i n d  d e s c r i b e d  b y
V a r g a s  ( 1 9 5 5 ) ,  B j e r r u m  ( 1 9 6 7 ) ,  J a r r e t t ,  S t a r k  & G r e e n  ( 1 9 7 4 )  
a n d  N o r d i n  & S v e n s s o n  ( 1 9 7 4 ) .  S e t t l e m e n t  o b s e r v a t i o n s  
s h o u l d  b e  t a k e n  o v e r  a  p e r i o d  l o n g  e n o u g h  t o  e n a b l e  l o n g  
t e r n  b e h a v i o u r  t o  b e  c l a r i f i e d ,
3 .  O n e  o f  t h e  m o s t  s i g n i f i c a n t  f a c t o r s  i s  t h e  i m p o r t a n c e  o f  
a c c u r a t e  d e t e r m i n a t i o n  o f  p r e c o n s o l i d a t e d  p r e s s u r e .  I t  i s  
i m p o r t a n t  t o  o b t a i n  r e g i o n a l  c o n f i r m a t i o n  o f  p ' ^  v a l u e s  
o b t a i n e d  v i a  l a b o r a t o r y  t e s t s .
4 .  T o  o b t a i n  r e a s o n a b l e  e s t i m a t e s  o f  s e t t l e m e n t  r a t e  t h e  c
v
v a l u e  u s e d  i n  c o m p u t a t i o n s  m u s t  r e f l e c t  i n  s i t u  c l a y  
p e r m e a b i l i t y .  L a b o r a t o r y  o e d o m e t e r  t e s t s  o n  s m a l l  s a m p l e s  
a r e  g e n e r a l l y  m i s l e a d i n g  a n d  l a r g e  d i a m e t e r  s a m p l e s ,  o r  
i n  s i t u  p e r m e a b i l i t y  g i v e  m u c h  b e t t e r  a g r e e m e n t s .  T h e  u s e  
o f  3 D  c o n s o l i d a t i o n  t h e o r i e s  m a y  b e  n e c e s s a r y .
5 .  S a m p l e  d i s t u r b a n c e  ( w h e n  o b t a i n e d ,  i n  t r a n s i t  a n d  i n  t h e  
l a b o r a t o r y )  i s  o f  c o n s i d e r a b l e  i m p o r t a n c e .  D i s t u r b a n c e  
g e n e r a l l y  r e s u l t s  i n  u n d r a i n e d  v a l u e s  b e i n g  t o o  l o w  a n d  
l e s s  r e l i a b l e  d e t e r m i n a t i o n  o f  t h e  p r e c o n s o l i d a t i o n  p r e s s u r e  
a n d  o b s c u r a t i o n  o f  s m a l l  s t r a i n  b e h a v i o u r .
6 .  S e c o n d a r y  s e t t l e m e n t  i s  o f t e n  v e r y  s i g n i f i c a n t .  N o  r a t i o n a l
m e t h o d  i s  a v a i l a b l e  f o r  s u c h  p r e d i c t i o n s  a n d  f u r t h e r  w o r k
i s  i n d i c a t e d ,
7 .  S i n c e  p o w e r f u l  a n a l y s i s  m e t h o d s  a r e  n o w  a v a i l a b l e ,  r e l i a b l e
d a t a  o n  s t r e s s - s t r a i n  r e l a t i o n s h i p s  f o r  s o i l s  a r e  e s s e n t i a l .  
S u c h  d a t a  s h o u l d  b e  o b t a i n e d  b o t h  i n  t h e  l a b o r a t o r y  a n d  i n  
t h e  f i e l d .
1 . 6  L o a d  S h a r i n g
I t  w a s  o r i g i n a l l y  d e c i d e d  t o  p i l e  b o t h  o f  t h e  b l o c k s  b e c a u s e  n o  c l e a r  
d i v i d i n g  l i n e  c o u l d  b e  d r a w n  f o r  a  p o s i t i o n  o n  w h i c h  t o  e n d  t h e
p i l i n g  a n d  o n  w h i c h  t o  b e g i n  r a f t i n g .
W h e n  t h e  d r a w i n g s  a n d  d o c u m e n t s  f o r  t h e  p i l i n g  t e n d e r  w e r e  b e i n g  
p r e p a r e d ,  a n  a s s e s s m e n t  w a s  m a d e  o f  t h e  t y p e  o f  f o u n d a t i o n  w h i c h  
w o u l d  b e  m o s t  s u i t a b l e  f o r  t h e  t h i r d  b a s e m e n t  o f  B l o c k  C .
A s  c a n  b e  s e e n  f r o m  F i g .  4  a n d  S e c t i o n  1 . 2 ,  t h e  g r o s s  a n d  n e t  l o a d i n g  
i s  v i r t u a l l y  t h e  s a m e  f o r  b o t h  t h e  t h i r d  a n d  s e c o n d  b a s e m e n t  a r e a s  
u n d e r  t h e  t o w e r  t o  B l o c k  C .  H o w e v e r ,  t h e  n e t  l o a d i n g  i s  c o n s i d e r a b l y  
l e s s  i n  t h e  t h i r d  b a s e m e n t  t h a n  i n  t h e  s e c o n d ,  o w i n g  t o  t h e  m u c h
g r e a t e r  r e l i e f  f r o m  t h e  r e m o v a l  o f  t h e  o v e r b u r d e n  i n  t h e  t h i r d
b a s e m e n t .  I n  B l o c k  C ,  i n  p a r t i c u l a r ,  i t  a p p e a r e d  i l l o g i c a l ,  
t h e r e f o r e ,  t o  i n s t a l l  p i l e s  u n d e r  t h e  t h i r d  b a s e m e n t  t o  c a r r y  t h e  
g r o s s  l o a d i n g ,  w h e n  n o  p i l e s  w o u l d  h a v e  b e e n  r e q u i r e d  f o r  t h e  n e t  
l o a d i n g .  W h e n  c o n s i d e r i n g  t h e  s e t t l e m e n t  c h a r a c t e r i s t i c s  a s  w e l l ,  
i f  p i l e s  o f  t h e  s a m e  c a p a c i t y  ( t h a t  i s ,  o f  t h e  s a m e  d i a m e t e r  a n d  
l e n g t h  i n t o  t h e  c l a y )  w e r e  t o  b e  i n s t a l l e d  u n d e r  t h e  t o w e r  t o  
B l o c k  C ,  t h o s e  u n d e r  t h e  t h i r d  b a s e m e n t  w o u l d  h a v e  a  m u c h  l o w e r
n e t  l o a d , . b u t  . b e c a u s e  t h e i r  b a s e s  w o u l d  b e  i n s t a l l e d  a t  a  g r e a t e r  
d e p t h  t h a n  t h o s e  u n d e r  t h e  s e c o n d  b a s e m e n t ,  t h e i r  s e t t l e m e n t  
c h a r a c t e r i s t i c s  c o u l d  b e  e x p e c t e d  t o  b e  m u c h  l e s s  t h a n  t h o s e  
u n d e r  t h e  s e c o n d  b a s e m e n t .
A f t e r  d i s c u s s i o n  w i t h  D r .  S i m o n s ,  i t  w a s  d e c i d e d  t o  a p p r o a c h  
t h e  D i s t r i c t  S u r v e y o r  w i t h  a  p r o p o s a l  f o r  h i s  c o n s i d e r a t i o n  o f  
c a r r y i n g  t h e  n e t  l o a d  o n l y  o n  t h e  p i l e s  i n  t h e  a r e a  o f  t h e  t o w e r  
t o  B l o c k  C .  H e  a g r e e d  t o  c o n s i d e r  t h i s  a f t e r  t h e  t e s t  p i l e  r e s u l t s  
w e r e  k n o w n .
A b o u t  t h i s  t i m e ,  P r o f e s s o r  L .  B j e r r u m  w a s  o n  a  v i s i t  t o  L o n d o n  t o  
a t t e n d  t h e  R a n k i n e  L e c t u r e  a n d  t h e  a u t h o r  w a s  a b l e  t o  d i s c u s s  
b r i e f l y  t h e  V i c t o r i a  S t r e e t  p r o b l e m  w i t h  h i m .
H e  c o m m e n t e d  t h a t  i t  w a s  c o m m o n  p r a c t i c e  i n  N o r w a y  t o  d e s i g n  a  
b u i l d i n g  w i t h  a  b a s e m e n t ,  w i t h  t h e  o b j e c t  o f  r e d u c i n g  t h e  n e t  l o a d  
t o  a n  a c c e p t a b l e  l e v e l  ( P ^ '  n o t  t o  b e  e x c e e d e d )  a n d  t o  c a r r y  t h i s  
n e t  l o a d  o n  p i l e s .  T h i s  w a s  t h e  o n l y  m e t h o d  w h i c h  t h e y  c o u l d  u s e  
w h e n  f o u n d i n g  b u i l d i n g s  o n  t h e  h i g h l y  c o m p r e s s i b l e  c o n s o l i d a t e d  
c l a y s  w h i c h  c o m m o n l y  o c c u r  i n  N o r w a y .
I t  s h o u l d  b e  n o t e d ,  h o w e v e r ,  t h a t  B j e r r u m  ( 1 9 6 7 )  d e s c r i b e d  
c a l c u l a t e d  s e t t l e m e n t s  f o r  s t r u c t u r e s  i n  N o r w a y  o f  2 5  t o  1 0 0  c m ,  
w h i c h  w o u l d  h a r d l y  b e  a c c e p t a b l e  i n  t h e  U n i t e d  K i n g d o m ,  T h e  
b u i l d i n g s  h e  d i s c u s s e d  a r e  c o m p a c t  o n  p l a n  a n d  d i f f e r e n t i a l  
s e t t l e m e n t  w o u l d  n o t  b e  a  p r o b l e m .  O n  t h e  V i c t o r i a  S t r e e t  p r o j e c t  
t h e  p l a n  a r e a  f o r  e a c h  b l o c k  i s  o v e r  1 5 0  m x  4 5 m  a n d  w i t h  t h e  l a r g e  
v a r i a t i o n  i n  l o a d i n g ,  f r o m  e n d  t o  e n d ,  d i f f e r e n t i a l  s e t t l e m e n t  i s  
t h e  m a i n  p r o b l e m .
1 .7  Summary o f C hap ter
F o r  B l o c k s  B  a n d  C ,  t h e  g r o s s  l o a d i n g  i s  n o t  h i g h ,  b u t  t h e r e  a r e  
m a r k e d  v a r i a t i o n s  b e t w e e n  o n e  a r e a  a n d  a n o t h e r .  T h e  n e t  l o a d i n g  
i s  q u i t e  l o w ,  a n d  o v e r  t h e  a r e a  o f  t h e  t h i r d  b a s e m e n t  t o  t h e  
B l o c k  C t o w e r ,  t h e r e  i s  a  s u d d e n  r e d u c t i o n .
B e c a u s e  o f  t h e  l e n g t h  o f  t h e  b u i l d i n g s  a n d  t h e  v a r i a t i o n  i n  l o a d i n g  
w i t h i n  t h e i r  l e n g t h ,  d i f f e r e n t i a l  s e t t l e m e n t  c o u l d  p r o v e  t o  b e  a  
p r o b l e m .
S o m e  o f  t h e  a v a i l a b l e  l i t e r a t u r e  w a s  c o n s u l t e d  b u t  o n  t h e  w h o l e ,  
s e t t l e m e n t  o f  c l a y  w a s  g e n e r a l l y  a p p r o a c h e d  a s  a  v o l u m e  o f  c l a y  
o n  t o  w h i c h  a n  a d d i t i o n a l  l o a d  w a s  a p p l i e d ,  w h e t h e r  b y  p i l e s  o r  b y
a  r a f t .  . I n  t h e  c a s e  o f  p i l e s ,  t h e  l o a d  w a s  a s s u m e d  t o  b e  a p p l i e d
%
a s  t h o u g h  f r o m  a  f l e x i b l e  r a f t  f o u n d e d  a t  a  l e v e l  a  c e r t a i n  d e p t h  
d o w n  t h e  p i l e  l e n g t h .
O n e  o f  t h r e e  m e t h o d s  i s  t h e n  u s e d  t o  c a l c u l a t e  t h e  s e t t l e m e n t ;  
n a m e l y  T e r z a g h i ’ s  o n e  d i m e n s i o n a l  m e t h o d ,  S k e m p t o n  a n d  B j e r r u m ' s  
m e t h o d ,  o r  t h e  S t r e s s  P a t h  m e t h o d .
T h e  p a p e r s  o f  Z e e v a r t  a n d  B j e r r u m  d e s c r i b e  b u i l d i n g s  w h i c h  h a d  
b e e n  c o n s t r u c t e d  o n  h i g h l y  c o m p r e s s i b l e  c o n s o l i d a t e d  c l a y s ,  i n  
M e x i c o  C i t y  a n d  i n  N o r w a y  r e s p e c t i v e l y .  T h e  d e s i g n  a p p r o a c h  w a s  
t o  r e s t r i c t  t h e  a d d i t i o n a l  s t r e s s  f r o m  t h e  n e t  l o a d ,  t o  a  v a l u e  
b e l o w  P c ? '  "t*10 c a s e  o f  M e x i c o  C i t y ,  t h e  n e t  i n c r e a s e  i n  l o a d
w a s  c a r r i e d  d o w n  t o  a  s t i f f e r  s t r a t u m  b y  p i l e s .
S i m o n s  ( 1 9 6 6 )  t o u c h e d  o n  t h e  l a c k  o f  a  c o n s i s t e n t  a p p r o a c h  t o  
f o u n d a t i o n  d e s i g n ,  w h e n  c o n s i d e r i n g  s e t t l e m e n t ,  o r  h o w  t h e  
l o a d i n g ,  w h e t h e r  g r o s s  o r  n e t ,  s h o u l d  b e  c a r r i e d .
I n  t h e  c a s e  o f  t h e  V i c t o r i a  S t r e e t  p r o j e c t ,  i t  w a s  d e c i d e d  t o  
p i l e  t h e  w h o l e  s i t e  a n d  t o  c a r r y  o n l y  t h e  n e t  l o a d  o n  t h e  p i l e s  
a n d  t h e  r e m a i n i n g  l o a d  o n  t h e  r a f t .  T h i s  a p p r o a c h  w o u l d  a t  
l e a s t  g i v e  a  c o n s i s t e n t  m e t h o d  f o r  d e s i g n i n g  t h e  f o u n d a t i o n s ,  
p a r t i c u l a r l y  i n  t h e  a r e a  o f  t h e  t o w e r  t o  B l o c k  C ,  w h e r e  t h e  
h e a v i e s t  g r o s s  l o a d i n g  c o i n c i d e s  w i t h  t h e  l o w e s t  n e t  l o a d i n g .
CHAPTER I I
2 . Q  S O I L  I N V E S T I G A T I O N
2 . 1 . . ,  B l o c k s  B  a n d  C
B e t w e e n  A u g u s t  a n d  O c t o b e r  1 9 7 0 ,  n i n e t e e n  b o r e h o l e s  w e r e  s u n k  by- 
s h e d  a n d  a u g e r  m e t h o d s  o n  t h e  s i t e  o f  B l o c k s  B  a n d  C  b y  G r o u n d  
E n g i n e e r i n g  L i m i t e d .  T h e  p o s i t i o n s  - o f  t h e  b o r e h o l e s  a r e  s h o w n  
o n  f i g ,  2 .  T h e  b o r e h o l e s  w h i c h  r a n g e d  i n  d e p t h  f r o m  2 0 m  t o  6 0 m ,  
w e r e  c a r r i e d  o u t  p r i o r  t o  t h e  c o m m e n c e m e n t  o f  a n y  d e m o l i t i o n .  
R e p r e s e n t a t i v e  d i s t u r b e d  a n d  u n d i s t u r b e d  s a m p l e s  w e r e  t a k e n
I
t h r o u g h o u t  t h e  b o r e h o l e s .
S e v e n  t r i a l - p i t s  w e r e  d u g  t o  d e p t h s  o f  4 m  t o  5  m a t  t h e  l o c a t i o n s  
s h o w n  o n  t h e  a p p e n d e d  s i t e  p l a n .
B e l o w  f i l l  a n d  s o f t  a l l u v i u m ,  t h e  d e p o s i t s  e n c o u n t e r e d  i n  t h e  
b o r e h o l e s  w e r e  l a i d  d o w n  i n  E o c e n e  a n d  R e c e n t  t i m e s ,  a n d  c o n s i s t  
o f  F l o o d  P l a i n  G r a v e l s  o v e r l y i n g  L o n d o n  C l a y ,  a n d  t h e  W o o l w i c h  a n d  
R e a d i n g  B e d s .
O v e r l y i n g  t h e  F l o o d  P l a i n  G r a v e l s  i s  1 , 2 m  t o  1 . 5 m  o f  s o f t  s i l t y  
o r  s a n d y  c l a y  ( p r o b a b l y  a l l u v i u m )  o n  t h e  w e s t  s i d e  o f  t h e  s i t e .
S o m e  1 . 8 m  t o  2 . 7 m  o f  w e l l  g r a d e d  s a n d  i n  t h e  m e d i u m  c o a r s e  r a n g e ,  
i n  s o m e  a r e a s  w i t h  8 -  1 5 %  o f  w e l l  g r a d e d  g r a v e l  ( m a x i m u m  s i z e  1 2  m m ) 
a c r o s s  t h e  c e n t r e  o f  t h e  B l o c k  B  s i t e  ( B H S  7 ,  8,  9  a n d  2 7 )  b e f o r e  
t h e  g r a v e l  p r o p e r  w a s  e n c o u n t e r e d .  F o r  t h e  r e m a i n d e r  o f  t h e  
s i t e ,  s a n d y  g r a v e l  w a s  f o u n d  i m m e d i a t e l y  b e n e a t h  t h e  t o p  l m  t o  
1 . 5 m  o f  f i l l .
T h e  F l o o d  P l a i n  G r a v e l s ,  w i t h  a  t h i c k n e s s  o f  5ra  t o  7 m ,  r e a c h e s  
d e p t h s  o f  8m  t o  8 . 5 m  e x c e p t  i n  B H S  2 0 ,  2 2 ,  2 3  a n d  2 4  w h e r e  d e p t h s  
o f  6m t o  7 m  w e r e  e n c o u n t e r e d  a n d  i n  B H  2 5  w i t h  a  d e p t h  o f  1 0 m .
T h e  g r a v e l  i s  g e n e r a l l y  w e l l  g r a d e d  w i t h  a  m a x i m u m  s t o n e  s i z e  
o f  6 9  m m .  T h e  p e r c e n t a g e  o f  s a n d  v a r i e s  w i t h  d e p t h  g e n e r a l l y  
a c c o r d i n g  t o  t h e s e  l i m i t s
D e p t h  m . % S a n d
3 8  
6 0  
3 0
U n d e r l y i n g -  t h e  g r a v e l  i s  L o h d o n  C l a y ,  a  p r o d u c t  o f  d e p o s i t i o n  
u n d e r  m a r i n e  c o n d i t i o n s  i n  t h e  E o c e n e  p e r i o d .  T h e  u p p e r  
w e a t h e r e d  b r o w n  l a y e r  w i t h  a  t h i c k n e s s  v a r y i n g  f r o m  l e s s  t h a n  
7 5  mm t o  9 0 0  m m ,  i s  s h o w n  i n  B H s  2 ,  3 ,  5 ,  6 ,  8 ,  9 ,  1 2 ,  1 4 ,
2 4 ,  2 3  a n d  2 7  a n d  i s  e n t i r e l y  a b s e n t  i n  t h e  r e m a i n d e r  a l o n g  
t h e  n o r t h  s i d e  o f  t h e  s i t e .  T h e r e  i s  t h e n  a  f a i r l y  s u d d e n  
t r a n s i t i o n  f r o m  t h e  b r o w n  c l a y  ( o f t e n  w i t h  s o m e  g r a v e l )  t o  
t h e  c h a r a c t e r i s t r i e  b l u e / g r e y  L o n d o n  C l a y .
T h e  W o o l w i c h  a n d  R e a d i n g  B e d s  w e r e  e s t a b l i s h e d  a t  4 6 m  d e p t h  3 ,n d  
i n d i c a t e  t h e  t h i c k n e s s  o f  t h e  L o n d o n  C l a y  t o  b e  a b o u t  3 6 . 5 m .
C l a y s t o n e s  w e r e  e n c o u n t e r e d  i n  a b o u t  h a l f  o f  t h e  b o r e h o l e s ,  
b u t  n o  c o n s i s t e n c y  o f  d e p t h  o f  c l a y s t o n e  i s  e v i d e n t .
1 . 2  -  2 . 1  1 5  -
2 .1  -  4 . 5  3 0  -
4 . 5  -  8 . 2  1 0  -
G r o u n d  w a t e r  l e v e l  w a s  e s t a b l i s h e d  t o  l i e  a t  a  l e v e l  v a r y i n g
f r o m  a  d e p t h  o f  5 . 7  m  t o  6.6  m ,  h o w e v e r ,  a t  t h e  e x t r e m e  w e s t
e n d  o f  t h e  s i t e ,  a  p e r c h e d  w a t e r  t a b l e  w a s  e n c o u n t e r e d  w i t h i n
2  m  o f  t h e  s u r f a c e , ,  o n  a  b a n d  o f .  s o f t  c l a y .  T h i s  w a t e r  t a b l e
w a s  n o t  a p p a r e n t  f r o m  t h e  b o r e h o l e  i n v e s t i g a t i o n ,  b u t  w a s
r e v e a l e d  d u r i n g  t h e  t r i a l  p i t  e x c a v a t i o n s .  T h e  d e t e r i o r a t i o n
o f  t h e  g r o u n d  a t  t h i s  e n d  o f  t h e  s i t e  w a s  a l s o  c o n f i r m e d  d u r i n g
s u b s e q u e n t  e x c a v a t i o n s  f o r  t h e  g u i d e  w a l l s  a n d  c o n f i r m e d  t h e
a p p r o x i m a t e  l o c a t i o n  o f  t h e  o l d  R i v e r  T y b u r n ,  n o w  c u l v e r t e d
a n d  c r o s s i n g  V i c t o r i a  S t r e e t  a t  t h e  w e s t  e n d .  F i g .  5  s h o w s  a  
t y p i c a l - B o r e h o l e  L o g . .  . . •
2 . 1 . 1  L a b o r a t o r y  T e s t s .
( a )  T r i a x i a l  C o m p r e s s i o n  T e s t s
1 5 8  N o .  u n d r a i n e d  t r i a x i a l  c o m p r e s s i o n  t e s t s  w e r e  c a r r i e d  
o u t  o n  u n d i s t u r b e d  s a m p l e s  o f  t h e  L o n d o n  C l a y  a n d  o t h e r  c l a y  
e n c o u n t e r e d ,  a n d  t h e  r e s u l t s  a r e  t a b u l a t e d  a n d  p l o t t e d  o n  
a p p e n d e d  s u m m a r y  s h e e t s  a n d  g r a p h s  r e s p e c t i v e l y .
1 3 6  N o .  o f  t h e s e  t e s t s  w e r e  c a r r i e d  o u t  o n  4  i n c h  d i a m e t e r  
a n d  e i g h t  i n c h  h i g h  s a m p l e s  u s i n g  t h r e e  l a t e r a l  p r e s s u r e s .  
W h e n  f a i l u r e  w a s  i m m i n e n t ,  t h e  l a t e r a l  p r e s s u r e  w a s  i n c r e a s e d  
t o  t h e  n e x t  v a l u e  u n t i l  t h e  f a i l u r e  s t r e s s e s  a t  t h r e e  l a t e r a l  
p r e s s u r e s  w e r e  o b t a i n e d .
2 2  N o .  o f  t h e s e  t e s t s  w e r e  c a r r i e d  o u t  o n  s e t s  o f  t h r e e  
I k  i n c h  d i a m e t e r ,  3  i n c h  h i g h  s p e c i m e n s  c u t  f r o m  4  i n c h  
h i g h  u n d i s t u r b e d  s a m p l e s  a n d  t e s t e d  a t  v a r i o u s  l a t e r a l  
p r e s s u r e s .
( b )  O n e  D i m e n s i o n a l  C o n s o l i d a t i o n  T e s t s
5 6  N o .  c o n s o l i d a t i o n  t e s t s  w e r e  c a r r i e d  o u t ;  t h e  r e s u l t s  
t o g e t h e r  w i t h  t h e  c o e f f i c i e n t s  o f  v o l u m e  d e c r e a s e  
( c o m p r e s s i b i l i t y )  m ^ ,  a n d  c o n s o l i d a t i o n  a r e  s h o w n  o n  
t h e  a p p e n d e d  c o n s o l i d a t i o n  t e s t  s h e e t s .
T h e  m o d u l i  o f  c o m p r e s s i b i l i t y  ( K  ■ =  / m ^ ) a r e  c o r r e l a t e d  
w i t h  t h e  s h e a r  s t r e n g t h  C ,  a s  p r e s e n t e d  i n  T a b l e  3  a n d  
F i g u r e  7 ,
\
( c )  S i e v e  A n a l y s i s
5 3  N o .  s i e v e  a n a l y s e s  w e r e  c a r r i e d  o u t  o n  t h e  g r a v e l  s a m p l e s  
i n  a c c o r d a n c e  w i t h  B . S .  1 3 7 7 : 1 9 6 7  t e s t  7 .
( d )  C h e m i c a l  A n a l y s e s
C h e m i c a l  a n a l y s e s  w e r e  c a r r i e d  o u t  o n  2 1  N o .  s a m p l e s  o f  s o i l  
a n d  1  N o .  s a m p l e  o f  g r o u n d  w a t e r  t o  d e t e r m i n e  t h e i r  p H  v a l u e s  
a n d  s o l u b l e  s u l p h a t e  c o n t e n t s .
2 . 1 . 2  D i s c u s s i o n
( a )  W a t e r  C o n t e n t  a n d  A t t e r b e r g  L i m i t s
F r o m  T a b l e  2  ,  i t  i s  s e e n  t h a t  t h e  n a t u r a l  m o i s t u r e  c o n t e n t  
l i e s  i n  t h e  r a n g e  o f  2 0  -  3 0 % ,  t h e  l i q u i d  l i m i t  i n  t h e  r a n g e  
o f  6 5  -  9 5 %  a n d  t h e  p l a s t i c  l i m i t  i n  t h e  r a n g e  o f  2 0  -  3 0 %  a t  
a l l .  d e p t h s  i n  t h e  L o n d o n .  C l a y .  E x c e p t  n e a r  t h e  s u r f a c e  o f  
t h e  c l a y ,  t h e  w a t e r  c o n t e n t s  a r e  a b o u t  e q u a l  t o  t h e  p l a s t i c  
l i m i t ,  a n d  a v e r a g e .  2 6 % .
T h e  c l a y  f r a c t i o n  ( f i n e r  t h a n  2  m i c r o n s )  f o r  t e n  s a m p l e s  f r o m
B H  1 2  r a n g e s  f r o m  5 6  -  68% f o r  d e p t h s  o f  2 9  -  1 2 0  f e e t ;  t h e  
a v e r a g e  v a l u e  i s  6 3 % .
T h e  a c t i v i t y  i s  o b t a i n e d ,  u s i n g  a n  a v e r a g e  v a l u e  o f  p l a s t i c i t y  
i n d e x  =  5 1 ,  f r o m  t h e  r e l a t i o n s h i p : -
5 1
A c t i v i t y  =  P . I .  ±  C l a y  f r a c t i o n  =  ^  =  0 . 8 1
T h e  c l a y  i s  f u l l y  s a t u r a t e d  a n d  t h e  s p e c i f i c  g r a v i t y  o f  t h e  
p a r t i c l e s ,  d e t e r m i n e d  f o r  6 s a m p l e s ,  a v e r a g e s  2 . 7 1 .  T h e  
b u l k  u n i t  w e i g h t  c o r r e s p o n d i n g  t o  a n  a v e r a g e  w a t e r  c o n t e n t  
o f  2 6 %  i s  1 2 4 . 8  I b s / c u .  f t .
I
T h i s  v a l u e  c o m p a r e s  w i t h  a n  a v e r a g e  o f  1 1 9 . 9  l b s / c u , f t .  f o r  
l a b o r a t o r y  t r i a x i a l  s a m p l e s  a n d  a n  a v e r a g e  o f  1 2 4 . 1  I b s / c u .  f t .  
f o r .  c o n s o l i d a t i o n  t e s t  s a m p l e s .
%
( b )  S h e a r  S t r e n g t h
T h e  u n d r a i n e d  s h e a r  s t r e n g t h  ( C  )  i s  t a b u l a t e d  o n  t h e
u
a p p e n d e d  s u m m a r y  s h e e t s  a n d  p l o t t e d  a g a i n s t  d e p t h  o n  t h e  
a p p e n d e d  g r a p h ,  T a b l e  3  a n d  F i g .  6 .
T h e  u n d r a i n e d  s t r e n g t h  o f  t h e  s u p e r f i c i a l  s o f t  s i l t y  
o r  s a n d y  c l a y  ( p r o b a b l y  a l l u v i u m )  f r o m  4 - 1 0  f e e t  d e p t h  
i n  B H ' s  2 ,  3 ,  4 ,  5  a n d  6 i s  a b o u t  2 0 0  -  6 0 0  I b s / s q .  f t .
T h e  m o i s t u r e ,  c o n t e n t  r a n g e s  f r o m  2 0  -  8 0 % .
I t  i s  s h o w n  t h a t  t h e r e  i s  a  s o f t e n i n g  e f f e c t  o n  t h e  L o n d o n  
C l a y  i m m e d i a t e l y  b e l o w  t h e  g r a v e l s .
I m m e d i a t e l y  b e l o w  t h e  g r a v e l s  i s  u s u a l l y  a  w e a t h e r e d  b r o w n  
c l a y  w i t h  a n  u n d r a i n e d  s t r e n g t h  o f  a b o u t  2,000 l b s , / s q . f t .  
T h e  s t r e n g t h  i n  t h e  b l u e / g r e y  L o n d o n  C l a y  r e a c h e s  a  v a l u e  o f  
n o  m o r e  t h a n  3 , 0 0 0  l b s , / s q . f t .  a t  4 0  -  5 0  f e e t  d e p t h .
T h e  s t r e n g t h  t h e n  g e n e r a l l y  i n c r e a s e s  l i n e a r l y  w i t h  d e p t h ,  
a t  a b o u t  4 6 0  l b s . / s q . f t .  f o r  e v e r y  1 0  f e e t  d e p t h .
C o m p r e s s i b i l i t y  ( m y )
T h e  c o m p r e s s i b i l i t y  o f  t h e  L o n d o n  C l a y  i s  d e r i v e d  d i r e c t l y  
f r o m  t h e  e f f e c t i v e  p r e s s u r e / v o i d  r a t i o  c u r v e ,  a n d  c a l c u l a t e d  
f o r  t h e  p r e s s u r e  i n c r e m e n t  o f  1 t o n / s q .  f t .  i n  e x c e s s  o f  t h e  
p r e s e n t  e f f e c t i v e  o v e r b u r d e n  p r e s s u r e  ( t h e  v a r i a t i o n  o f  w a t e r  
p r e s s u r e  w i t h  d e p t h  i s  a s s u m e d  t o  b e  l i n e a r  d o w n  t o  1 5 0 ’ 0 M 
d e p t h ) .
T h e  r e s u l t s  a r e  g i v e n  o n  t h e  a p p e n d e d  c o n s o l i d a t i o n  t e s t  
r e s u l t s  s h e e t s .  T h e  t r e n d  o f  t h e  d e c r e a s e  o f  c o m p r e s s i b i l i t y  
w i t h  d e p t h  i s  s h o w n  b y  t h e  a v e r a g e s  f o r  a l l  t h e  b o r e h o l e s ,  
a s  f o l l o w s : -
D e p t h  b e l o w  
b a s e m e n t  l o a d  
( f e e t )
C o m p r e s s i b i l i t y  ( m  )  
’s q / f t / t o n  ( a v e r a g e  
v a l u e s )
C o e f f i c i e n t  o f  
c o n s o l i d a t i o n  
( C y )  s q . f t / y e a r
B e l o w  3 0  
3 0  -  4 0  
4 0  -  6 0  
6 0  -  8 0  
8 0  -  100 
100-  120
0 . 0 1 0 8
0 . 0 1 0 1
0 . 0 0 7 7
0 . 0 0 6 5
0 . 0 0 6 2
0 . 0 0 4 4
5 . 3  
5 , 5
5 . 9
5 . 4
6 . 9  
6 . 7
T a b l e  3  s h o w s  t h a t ,  f o r  a  d e p t h  d o w n  t o  a b o u t  6 f e e t ,  t h e r e
i s  a d e c re a se  in  th e  c o m p re s s ib i l i ty  about 0 .0010 s q .f t /T o n .
f o r  e v e r y  1 0  f e e t  d e p t h ,  a n d  a b o u t  0 , 0 0 0 5  s q . f t / t o n  f o r  
d e p t h s  o f  6 0  -  120 f e e t .
T h e  c o r r e l a t i o n  o f  t h e  m o d u l u s  o f  c o m p r e s s i b i l i t y
K  ( =  V m  )  w i t h  t h e  u n d r a i n e d  s h e a r  s t r e n g t h  C ,  i s  
v  v  u
s h o w n  o n  f i g u r e  7  ,  w i t h  v a l u e s  p l o t t e d  f r o m  T a b l e  3  
R e f e r e n c e  i s  m a d e  t o  t h e  r e l a t i o n s h i p  e s t a b l i s h e d  b y  
S k e m p t o n  a n d  H e n k e l  ( 1 9 5 7 )  a s  f o l l o w s
K  / C  =  1 0 0  
. v  u
F i g u r e  7  s h o w s  t h e  r e s u l t s  w i t h  r e s p e c t  t o  t h e
e s t a b l i s h e d  r e l a t i o n s h i p .
*
T h e  c o e f f i c i e n t  o f  c o n s o l i d a t i o n  C i s  c a l c u l a t e d  u s i n g
v
t h e  s q u a r e  r o o t  o f  t i m e  m e t h o d  ( B . S .  1 3 7 7 : 1 9 6 7  T e s t  1 6 )  
a n d  t h e  r e s u l t s  a r e  g i v e n  o n  t h e  c o n s o l i d a t i o n  t e s t  
r e s u l t . - s h e e t s  i n  t h e  S o i l  R e p o r t .  v a l u e s  a r e  g i v e n
f o r  t h e  s a m e  d e p t h  r a n g e s  a s  t h o s e  a b o v e  a n d  s h o w  t h e
t r e n d  i n  t h e  d e c r e a s e  o f  m ^  v a l u e s  w i t h  d e p t h .
T h e  a v e r a g e  CL. v a l u e s  o b t a i n e d ,  o m i t t i n g  a l l  e x t r e m e  
v a l u e s  g r e a t e r  t h a n  =  10 ,  s h o w  a  r a n g e  o f  e q u a l
t o  5  -  7  s q . f t / y r .  f o r  a l l  r a n g e s  o f  d e p t h .  A n  a v e r a g e  
o v e r a l l  v a l u e  o f  =  6 s q . f t / y r  i s  o b t a i n e d  f o r  a l l
s a m p l e s  o f  t h e  L o n d o n  C l a y .
( d )  R e l a t i v e  D e n s i t y  o f  S a n d s  a n d  G r a v e l s
T a b l e  1  s h o w s  t h e  r e s u l t s  o f  t h e  S t a n d a r d  a n d  D y n a m i c  
c o n e  p e n e t r a t i o n  t e s t s  c a r r i e d  o u t  i n  t h e  s a n d s  a n d
g r a v e l s  r e s p e c t i v e l y .  T h e  s a m e  b a s i s  o f  i n t e r p r e t a t i o n
o f  t h e  r e l a t i v e  d e n s i t y  f r o m  N  -  v a l u e s  i s  a s s u m e d  f o r  
b o t h  t y p e s  o f  s o i l s .
T h e  r e l a t i v e  d e n s i t y  i s  s h o w n  t o  b e  g e n e r a l l y  m e d i u m  
d e n s e  d o w n  t o  a b o u t  1 5 ' 0 "  d e p t h  i n  t h e  s a n d s  a n d  
g r a v e l s ,  b e c o m i n g  d e n s e  u n t i l  t h e  w a t e r  l e v e l  i s  r e a c h e d  
a t  a b o u t  2 0 ' 0 f t . A t  t h e  w a t e r  l e v e l ,  t h e  g r a v e l  i s  m e d i u m  
d e n s e  o n  t h e  w e s t e r n  s i d e  a n d  a p p a r e n t l y  b e c o m i n g  l o o s e  
f o r  t h e  r e m a i n d e r  o f  t h e  s i t e .  B e l o w  t h e  w a t e r  l ' e v f e l ,  
t h e  g r a v e l  i s  g e n e r a l l y  l o o s e , ,  b e c o m i n g  m e d i u m  d e n s e  i n  
s o m e  a r e a s .
( e )  S u l p h a t e  A t t a c k  o n  F o u n d a t i o n  C o n c r e t e
C h e m i c a l  a n a l y s e s  g i v e  a  v a l u e  o f  l e s s  t h a n  0 . 1 0 %  o f  
s u l p h a t e  c o n t e n t  ( S 0^ )  f o r  a l l  s o i l  s a m p l e s  t e s t e d ,  
e x c e p t  f o r  a  s a m p l e  f r o m  B H  2 5  ( d e p t h  2 7 1 6 "  -  3 0 ' 0 " )  
w h e r e  t h e  s u l p h a t e  c o n t e n t  i s  0 . 3 3 % .  T h e  p H  v a l u e  
r a n g e s  f r o m  6 . 0  -  9 . 0 .
T h e  s a m p l e  o f  w a t e r  f r o m  B H  2  ( d e p t h  2 0 ’ 0 "  -  2 2 * 0 " )  
g i v e s  a  s u l p h a t e  c o n t e n t  o f  1 1  p p  1 0 0 , 0 0 0  a n d  a  p H  
=  7 . 0 .
2 . 1 . 3  T e s t s  o n  S o i l  S a m p l e s  t a k e n  f r o m  T e s t  P i l e s .
( a )  I n t r o d u c t i o n
A t  t h e  b e g i n n i n g  o f  1 9 7 2 ,  t h e  S o i l  M e c h a n i c s  L a b o r a t o r y  
o f  t h e  U n i v e r s i t y  o f  S u r r e y ,  C i v i l  E n g i n e e r i n g  D e p a r t m e n t ,  
c a r r i e d  o u t  a  s e r i e s  o f  u n d r a i n e d  t r i a x i a l  c o m p r e s s i o n
t e s t s  o n  t h e  s a m p l e s  o f  L o n d o n  C l a y  t a k e n  f r o m  t h e  a u g e r e d  
h o l e s  f o r  t h e  t e s t  p i l e s ,  t h e  l a r g e  d i a m e t e r  p l a t e  l o a d i n g
t e s t s  and th e  s k in  f r i c t i o n  t e s t s '  f o r  B locks B and C.
T w o  s p e c i m e n  s i z e s  w e r e  t e s t e d ,  I k "  x  3 "  a n d  4 "  x  8"  
a n d  a l l  s p e c i m e n s  w e r e  t e s t e d  w i t h  t h e i r  a x e s  v e r t i c a l ,  
a s  i n  s i t u .  T h e  r e s u l t s  w e r e  r e p o r t e d  o f  u n d r a i n e d  
t r i a x i a l  c o m p r e s s i o n  t e s t s ,  w i t h o u t  m e a s u r e m e n t  o f  
p o r e w a t e r  p r e s s u r e ,  c a r r i e d  o u t  o n  U - 4  s a m p l e s  t a k e n  
f r o m  P I ,  P 2 ,  P 3  a n d  P 4 ,  f r o m  v a r i o u s  d e p t h s , ,  a n d  a r e  
S u m m a r i s e d " b e l o w .
( b )  M e t h o d  o f  T e s t i n g
T h e  t e s t i n g  p r o c e d u r e  c o n f o r m e d  g e n e r a l l y  w i t h  B . S .  1 3 7 7 :  
1 9 6 7 ,  " M e t h o d s  o f  T e s t i n g  S o i l s  f o r  C i v i l  E n g i n e e r i n g  
P u r p o s e s " .  T h e  4 "  x  8"  s p e c i m e n s  w e r e  t e s t e d  a t  c o n f i n i n g  
p r e s s u r e s  i n  t h e  f i e l d  a n d ,  w h e r e  p o s s i b l e ,  s e t s  o f  t h r e e  
I k "  x  3 "  f o r  e a c h  U - 4  w e r e  t e s t e d  a t  c o n f i n i n g  p r e s s u r e s  
a p p r o x i m a t e l y  e q u a l  t o  k i  1 a n d  2 t i m e s  t h e  c o r r e s p o n d i n g  
t o t a l  o v e r b u r d e n  p r e s s u r e  i n  t h e  f i e l d .
T o  m i n i m i s e  p i s t o n  f r i c t i o n ,  r o t a t i n g  b u s h i n g  w e r e  u s e d  
o n  a l l  t h e  t e s t s .
C o r r e c t i o n s  f o r  t h e  r e s t r a i n i n g  e f f e c t s  o f  t h e  r u b b e r  
m e m b r a n e  w e r e  f o u n d  t o  b e  i n s i g n i f i c a n t .
A  c o n s t a n t  r a t e  o f  s t r a i n  o f  0 . 0 1 3  i n c h e s / m i n u t e  w a s  
a d o p t e d  f o r  a l l  t h e  t e s t s .
( c )  R e s u l t s . •
As th e re  i s  some s c a t t e r ,  p a r t i c u l a r ly  fo r  th e  lk "  x 3"
s p e c i m e n s ,  ( w h i c h  i s  t o  b e  e x p e c t e d  f o r  t h e  f i s s u r e d  L o n d o n  
C l a y ) ,  a v e r a g e  v a l u e s  o f  t h e  u n d r a i n e d  s h e a r  s t r e n g t h ,  t h e  
f a i l u r e  s t r a i n  a n d  t h e  Y o u n g ' s  m o d u l u s  ( c a l c u l a t e d  a t  o n e  
h a l f  t h e  f a i l u r e  l o a d )  a r e  g i v e n  f o r  v a r i o u s  d e p t h s  i n  
T a b l e  4  f o r  1 % "  x  3 "  s p e c i m e n s  a n d  i n  T a b l e  5  f o r  t h e  
4 "  x  8"  s p e c i m e n s .
F u r t h e r ,  a v e r a g e  v a l u e s  f o r  v a r i o u s  d e p t h s  o f  t h e  r a t i o s  
o f  u n d r a i n e d  s h e a r  s t r e n g t h ,  f a i l u r e  s t r a i n ,  a n d  Y o u n g ' s  
m o d u l u s  f o r .  t h e  4 "  x  8"  s p e c i m e n s  t o  t h e  c o r r e s p o n d i n g  
v a l u e s  f o r  t h e  1 % "  x  3 "  s p e c i m e n s  a r e  g i v e n  i n  T a b l e s  
6 , , ' 7  a n d  8 r e s p e c t i v e l y ,  a n d  t h e s e  a v e r a g e  v a l u e s  a r e  
p l o t t e d  a g a i n s t  d e p t h  i n  f i g .  9  a n d  h a v e  b e e n  c o n v e r t e d  
t o  m e t r i c  u n i t s .
( d )  D i s c u s s i o n  o f  R e s u l t s
T h e  u n d r a i n e d  s h e a r  s t r e n g t h s  i n c r e a s e  g e n e r a l l y  w i t h  
i n c r e a s i n g  d e p t h s ,  t h e  4 "  x  8"  s p e c i m e n s  s h o w i n g  l o w e r  
v a l u e s  t h a n  t h e  1 % "  x  3 "  s p e c i m e n s .  A  g r a n d  a v e r a g e  
o f  t h e  r e s u l t s  i n d i c a t e s  t h a t  t h e  4"  x  8"  m e a s u r e d  
s t r e n g t h  i s  8 3 %  o f  t h e  I V  x  3 "  m e a s u r e d  s t r e n g t h .  T h i s  
f i g u r e  i s  i n  g o o d  a g r e e m e n t  w i t h  p r e v i o u s l y  p u b l i s h e d  
f i g u r e s  f o r  t h e  L o n d o n  C l a y .
T h e r e  a p p e a r s  t o  b e  n o  c o r r e l a t i o n  b e t w e e n  f a i l u r e  s t r a i n  
a n d  d e p t h ,  a n d  a  g r a n d  a v e r a g e  s h o w s  t h a t  t h e  f a i l u r e  
s t r a i n  f o r  t h e  4 " ' x  8"  s p e c i m e n s  i s  8 2 %  o f  t h e  l h ' x x  3 "  
f a i l u r e  s t r a i n s .
T h e r e  i s  a  c o n s i d e r a b l e  s c a t t e r  i n  t h e  Y o u n g ' s  m o d u l u s  
v a l u e s ,  b u t  a  t r e n d  o f  i n c r e a s i n g  m o d u l u s  w i t h  i n c r e a s i n g  
d e p t h  i s  a p p a r e n t .  A  g r a n d  a v e r a g e  s h o w s  t h a t  t h e  Y o u n g ’ s  
m o d u l u s  f o r  t h e  4 "  x  8"  s p e c i m e n s  i s  1 2 1 %  o f  t h e  i f "  x  3 "  
Y o u n g ' s  m o d u l u s .
2 . 1 . 4  B l o c k  D ( A r m y  a n d  N a v y  S i t e )
D u r i n g  M a r c h  a n d  J u n e  1 9 7 2 ,  . t e n  b o r e h o l e s  w e r e  s u n k  b y  s h e l l  a n d  
a u g e r  t e c h n i q u e  i n  t h e  b a s e m e n t  o f  t h e  A r m y  a n d  N a v y  S t o r e s ,  
f r o n t i n g  o n  t o  V i c t o r i a  S t r e e t ,  b y  C e m e n t a t i o n  G r o u n d  E n g i n e e r i n g  L t d .  
T h e  p o s i t i o n  o f  t h e s e  b o r e h o l e s  i s  s h o w n  o n  F i g ,  2 .  T h e  s t r a t a  
w e r e  v e r y  s i m i l a r  t o  t h a t  e n c o u n t e r e d  o n  t h e  s i t e  o f  B l o c k s  B  a n d  
C .
L a b o r a t o r y  t e s t s  w e r e  c a r r i e d  o u t  i n  a  s i m i l a r  m a n n e r  t o  t h o s e  
f o r  B l o c k s  B  a n d  C a n d  c o n s i s t  o f  u n d r a i n e d  t r i a x i a l  c o m p r e s s i o n  
t e s t s  o n  1 0 2  mm x  2 0 4  mm s a m p l e s  o f  L o n d o n  C l a y ,  c o n s o l i d a t i o n  
t e s t s  a n d  c h e m i c a l  a n a l y s i s .  I t  w a s  n o t e d  t h a t  s e v e r a l  s a m p l e s ,  
w h e n  e x a m i n e d  a f t e r  t h e  t r i a x i a l  t e s t ,  w e r e  w a t e r  s o f t e n e d  a n d  
i t  w a s  c o n c l u d e d  t h a t  t h i s  w a s  p r o b a b l y  c a u s e d  b y  f r e e  w a t e r  i n  
f i s s u r e s .  T h e  r e s u l t s  o f  t h e  o e d o m e t e r  t e s t  s u g g e s t e d  t h a t  t h e  
c l a y  i s  o f  l o w  c o m p r e s s i b i l i t y  w i t h  a n  a p p a r e n t  s l o w  r a t e  o f  
c o n s o l i d a t i o n .  H o w e v e r ,  i t  w a s  c o n c l u d e d  t h a t  t h e  p r e s e n c e  o f  
s i l t  i n  t h e  f i s s u r e s  o f  t h e  s o i l  a t  l o w e r  l e v e l s  w o u l d  i n c r e a s e  
t h e  o v e r a l l  p e r m e a b i l i t y  o f  t h e  c l a y  a n d ,  h e n c e ,  i t s  r a t e  o f  
c o n s o l i d a t i o n .
2 .1 .5 .  L abo ra to ry  T es ts
a )  T r i a x i a l  C o m p r e s s i o n  T e s t s .
7 8  N o .  u n d r a i n e d  t r i a x i a l  c o m p r e s s i o n  t e s t s  w e r e  c a r r i e d  o u t  o n  
1 0 2  mm d i a .  b y  2 0 4  m m .  h i g h  s p e c i m e n s  a t  l a t e r a l  p r e s s u r e s  e q u i v a l e n t  
t o  t h e  t o t a l  o v e r b u r d e n  p r e s s u r e .
b )  O n e  D i m e n s i o n a l  C o n s o l i d a t i o n  T e s t s
5 8  N o .  s a m p l e s  w e r e  t e s t e d  o n  t h e  O e d o m e t e r  i n  o r d e r  t o  d e t e r m i n e  
t h e  s e t t l e m e n t  c h a r a c t e r i s t i c s  o f  t h e  c l a y .
c )  S i e v e  A n a l y s i s .
2 2  N o .  s i e v e  a n a l y s e s  w e r e  c a r r i e d  o u t  o n  s a m p l e s  o f  t h e  g r a v e l .
d )  C h e m i c a l  A n a l y s i s .
C h e m i c a l  a n a l y s e s  w e r e  c a r r i e d  o u t  o n  2 0  N o .  s a m p l e s  o f  s o i l  a n d  
1 0  N o .  s a m p l e s  o f  g r o u n d  w a t e r  t o  d e t e r m i n e  t h e i r  p H  v a l u e s  a n d  
s o l u b l e  s u l p h a t e  c o n t e n t s .
2 . 1 . 6 .  D i s c u s s i o n
a )  W a t e r  C o n t e n t  a n d  A t t e r b e r g  L i m i t s
T h e s e  a r e  v e r y  s i m i l a r  t o  t h e  v a l u e s  f o r  t h e  i n v e s t i g a t i o n  i n  B l o c k s  
B  a n d  C .  A s  s h o w n  i n  T a b l e  1 0 ,  t h e  w a t e r  c o n t e n t  i s  i n  t h e  r a n g e  
o f  2 0  -  3 0 %  w i t h  a n  a v e r a g e  o f  2 7 % ,  t h e  l i g u i d  l i m i t  i s  i n  t h e  r a n g e  
o f  7 5  -  9 5 %  a n d  t h e  p l a s t i c  l i m i t  i n  t h e  r a n g e  o f  2 4  -  3 0 % .  U s i n g  a n  
a v e r a g e  v a l u e  o f  c l a y  f r a c t i o n  o f  6 3 %  a s  i n  B l o c k s  B  a n d  C ,  t h i s  g i v e s  
a n  a v e r a g e  a c t i v i t y  v a l u e  o f  0 . 9 2 .  T h e  a v e r a g e  b u l k  d e n s i t y  i s  1 9 6 0  k g / m
b )  S h e a r  S t r e n g t h
A s  i n  B l o c k s  B  a n d  C ,  t h e  u n d r a i n e d  s h e a r  s t r e n g t h  o f  t h e  L o n d o n
2
c l a y  i s  l e s s  t h a n  1 2 0  k N / r a  f o r  d e p t h s  o f  1 0  -  1 5  m - a h d  t h e n  i n c r e a s e s
, 2
a p p r o x i m a t e l y  l i n e a r l y  w i t h  d e p t h ,  a t  a b o u t  7 5  k N / m  f o r  e v e r y  1 0 .  m .  
d e p t h  ( s e e  f i g . 8 ) .
c )  C o m p r e s s i b i l i t y  ( M v )
T h e  r e s u l t s  o f  t h e  c o n s o l i d a t i o n  t e s t s  a r e  a p p e n d e d .  T h e  t r e n d  o f  
d e c r e a s i n g  c o m p r e s s i b i l i t y  w i t h  d e p t h  i s  s h o w n  b y  t h e  a v e r a g e s  f o r  
a l l  t h e  b o r e  h o l e s  a t  e a c h  d e p t h .
D e p t h  C o m p r e s s i b i l i t y  ( M v )  C o e f f i c i e n t  o f  C o n s o l i d a t i o n  ( C v )
m mm2 / k N  m / y e a r
A b o v e  1 2  1 1 6  ‘ 0 . 4 1
1 2  -  1 5  88 0 . 3 7 '
1 5  -  1 8  88 0 . 3 2
1 8  -  2 1  7 3  0 . 3 3
2 1 - 2 4  5 3  0 . 5 4
2 4  -  3 0  6 5  0 . 5 2
T h e  v a l u e s  o f  t h e  c o e f f i c i e n t  o f  c o n s o l i d a t i o n  C v  a r e  l o w e r  a n d  m o r e
s c a t t e r e d  t h a n  f o r  B l o c k s  B  a n d  C .  T h e  a v e r a g e  v a l u e  o f  C v  f o r  a l l
2  ,
d e p t h s  i s  a b o u t  0 . 4  m / y e a r .
d )  R e l a t i v e  D e n s i t y  o f  S a n d s  a n d  G r a v e l s
T h e  r e s u l t s  o f  t h e  S t a n d a r d  P e n e t r a t i o n  C o n e  T e s t s  ( s e e  T a b l e  9 )  s h o w  
t h e  s a n d y  g r a v e l  t o  b e  m e d i u m  d e n s e  d o w n  t o  a b o u t  5  m .  d e p t h  a n d  
b e c o m i n g  d e n s e  w i t h  i n c r e a s i n g  d e p t h .
e )  S u l p h a t e  A t t a c k
T e s t s  o n  s o i l  s a m p l e s  s h o w e d  t h e  s u l p h a t e  ( S O ^ )  c o n t e n t  t o  b e  
g e n e r a l l y  l e s s  t h a n  0 . 1 0 % .  T e s t s  o n  g r o u n d  w a t e r  s a m p l e s  s h o w  a  r a n g e  
o f  s u l p h a t e  c o n t e n t  o f  5  -  2 5  p p  1 0 0 , 0 0 0  a n d  a  r a n g e  o f  p H  o f
6 . 4  -  7 . 6 .
2 . 2 . 1 .  P o s i t i o n i n g  o f  P r e s s u r e  C e l l s  a n d  S t r a i n  G a u g e s
A l l  b u t  o n e  o f  t h e  s e v e n  t e s t ,  p i l e s  i n s t a l l e d  o h !  t h e  V i c t o r i a  S t r e e t  
r e - d e v e l o p m e n t  . ' w e r e  i n s t r u m e n t e d . w i t h  s t r a i n  g a u g e  m e a s u r i n g  d e v i p e s ,  
e i t h e r  p r e s s u r e  c e l l s ,  s t r a i n  g a u g e s  o r  r e i n f o r c e m e n t  b a r  g a u g e s .
I n  B l o c k  B  T e s t  P i l e  N o .  2  h a d  t h r e e  s t r a i n  g a u g e s ,  p l a c e d  a t  t h e  t o p ,  
n e a r  t h e  m i d d l e  a n d  a t  t h e  b o t t o m  a n d  a  s o i l  p r e s s u r e  c e l l  u n d e r n e a t h  
t h e  p i l e .  T e s t  P i l e  N o .  3  h a d  t h r e e  s t r a i n  g a u g e s ,  o n e  e a c h  a t  t h e  t o p ,  
m i d d l e  a n d  b o t t o m .  T h e s e  p i l e s  w e r e  u n d e r - r e a m e d .  I n  B l o c k  C  T e s t  
P i l e  N o . l ,  a l s o  u n d e r - r e a m e d ,  h a d  t h r e e  s t r a i n  g a u g e s ,  a g a i n  o n e  e a c h  
a t  t h e  t o p ,  m i d d l e  a n d  b o t t o m .  T e s t  P i l e  N o .  4  h a d  t h r e e  s t r a i n  g a u g e s ,  
o n e  e a c h  a t  t h e  t o p ,  m i d d l e  a n d  b o t t o m  a n d  a  s o i l  p r e s s u r e  c e l l  u n d e r  
t h e  p i l e .  T h i s  p i l e  w a s  s t r a i g h t - s h a f t e d .  T w o  T e s t  P i l e s ,  N o s .  2  
a n d  3  w e r e  i n s t r u m e n t e d  i n  B l o c k  D .  T h e s e  e a c h  h a d  s i x  s t r a i n  g a u g e s  
s p a c e d  a t  i n t e r v a l s  d o w n  t h e  p i l e ,  o n e  r e i n f o r c e m e n t  b a r  s t r a i n  g a u g e  
n e a r  t h e  m i d d l e  a n d  a  s o i l  c e l l  u n d e r n e a t h  t h e  p i l e .  T h e  s t r a i n  g a u g e s  
w e r e  t o  m e a s u r e  t h e  l o a d s  i n  t h e  p i l e s  a t  t h e i r  r e s p e c t i v e  d e p t h s  a n d  
t h e  p r e s s u r e  c e l l s  w e r e  t o  m e a s u r e  t h e  s o i l  p r e s s u r e  u n d e r  t h e  p i l e s  
f r o m  w h i c h  t h e  e n d  b e a r i n g  l o a d  c o u l d  b e  d e t e r m i n e d .
T h e  s t r a i n  g a u g e s  w e r e  p o s t i o n e d  s o  t h a t  a n  i n d i c a t i o n  c o u l d  b e  g a i n e d  
o f  t h e  w a y  i n  w h i c h  t h e ' l o a d  w a s  d i s t r i b u t e d  d o w n  t h e  l e n g t h  o f  t h e  
p i l e  i . e .  h o w  m u c h  o f  t h e  l o a d  i s  c a r r i e d  b y  s k i n  f r i c t i o n  a t  v a r i o u s  
l e v e l s .  T h e  s t r a i n  g a u g e  a t  t h e  t o p  w a s  u s e d  t o  d e t e r m i n e  t h e  v a l u e  
o f  Y o u n g ' s  M o d u l u s  o f  t h e  c o n c r e t e  s i n c e  i t  c o u l d  b e  s a f e l y  a s s u m e d  
t h a t  a l l  t h e  l o a d  o n  t h e  p i l e  w a s  r e a c h i n g  t h e  t o p  s t r a i n  g a u g e .  T h e
s t r a i n  c o u l d  b e  f o u n d  d i r e c t l y  f r o m  t h e  g a u g e  a n d  k n o w i n g  t h e  g a u g e
l e n g t h ,  s t r a i n  a n d  l o a d ,  Y o u n g ' s  M o d u l u s  c o u l d  b e  d e t e r m i n e d .  T h i s  
v a l u e  o f  E  w o u l d  b e  u s e d  f o r  s u b s e q u e n t  c a l c u l a t i o n s  ( a l t h o u g h  i t  w a s  
n o t  s t r i c t l y  c o r r e c t ,  a s  t h e  v a l u e  o f  E  v a r i e s  w i t h  l o a d ) .  A m o n g  o t h e r  
t h i n g s  t h e  l o a d s  d e t e r m i n e d  f r o m  t h e  s t r a i n  g a u g e s  c o u l d  b e  c o m p a r e d  
w i t h  t h e  l o a d s  d e t e r m i n e d  f r o m  t h e  p r e s s u r e  c e l l ,  i f  a n y ,  i n s t a l l e d  i n
t h a t  p a r t i c u l a r  p i l e  a n d  t h e s e  l o a d s  s h o u l d  b e  o f  t h e
2 .2  INSTRUMENTATION OF TEST PILES
same o rd e r  of m agnitude and cou ld  be used as checks.
D u r i n g  t h e  l o a d i n g  t e s t s  t h e  s t r a i n  g a u g e s  a n d  s o i l  p r e s s u r e  c e l l s  
w e r e  r e a d  a t  k n o w n  l o a d s  a n d  t h e  l o a d s  a n d  p r e s s u r e s  a t  t h e s e  v a r i o u s  
l e v e l s  w e r e  d e t e r m i n e d  f r o m  t h e s e  r e a d i n g s .  F r o m - t h i s  i n f o r m a t i o n  
a v e r a g e  s k i n  f r i c t i o n  v a l u e s ,  p i l e  l o a d s  a t  g a u g e  l e v e l  a n d  e n d  b e a r i n g  
l o a d s  c o u l d  b e  f o u n d ,
2 . 2 . 2 .  I n s t a l l a t i o n  o f  P r e s s u r e  C e l l s  a n d  S t r a i n  G a u g e s
T h e  p r e s s u r e  c e l l s  w e r e  i n s t a l l e d  u n d e r  t h e  b a s e m e n t  r a f t  s l a b s  a n d  
a t  t h e  b o t t o m  o f  s o m e  t e s t  a n d  w o r k i n g  p i l e s  t o  m e a s u r e  t h e  s o i l  p r e s s u r e  
u n d e r  t h e  r e l e v a n t  s t r u c t u r e s .  T h e s e '  c e l l s  w e r e  i n s t a l l e d - w i t h  t h e  
m e m b r a n e  o n  t h e  u n d e r  s i d e ,  a g a i n s t  t h e  e a r t h  w h e r e  t h e  p r e s s u r e s  w e r e '  
t o  b e  m e a s u r e d  a n d  f i x e d  i n  p o s i t i o n  w i t h  f o u r  s t a k e s  d r i v e n  t h r o u g h  
h o l e s  i n  t h e  b a s e  p l a t e  i n t o  t h e  e a r t h .  W h e n  c o n c r e t i n g ,  t h e  c o n c r e t e  
a r o u n d  t h e  c e l l s  w a s  p l a c e d  c a r e f u l l y  b y  h a n d  t o  e n s u r e  t h a t  t h e  c e l l  
w a s  n o t  d i s t u r b e d .  T h e  f i r s t  6 -  1 2 "  o f  c o n c r e t e  a t  t h e  b o t t o m  o f  t h e  
t e s t  p i l e s  w a s  p l a c e d  b y  h a n d  a n d  t h e  c a b l e s  w e r e  p e g g e d  t o  t h e  c l a y  
s i d e s  o f  t h e  b o r e d  h o l e s  t o  k e e p  t h e m  o u t  o f  t h e  w a y  o f  t h e  p i l e  r e ­
i n f o r c e m e n t  c a g e .  T h e  o n l y  o t h e r  p r e c a u t i o n  w a s  t o  e n s u r e  t h a t  t h e  
c a b l e s  w e r e  c o r r e c t l y  r e f e r e n c e d .
T h e  s t r a i n  g a u g e s  w e r e  a t t a c h e d  v e r t i c a l l y  t o  t h e  r e i n f o r c e m e n t  c a g e s  
i n  t h e  p i l e s  b e f o r e  t h e  c a g e  w a s  p l a c e d  i n  p o s i t i o n .  E a c h  s t r a i n  g a u g e  
w a s  f i x e d  w i t h  t y i n g  w i r e  t o  f o u r  p o i n t s  o n  t h e  c a g e  b e l o w  t h e  g a u g e  
w i t h  a  s l i g h t l y  s t r e t c h e d  s p i r a l  c u r t a i n  w i r e  t o  f o u r  p o i n t s  a b o v e  t h e  
g a u g e .  T h i s  p r o v i d e d  a  t a u t  f i x i n g  t h a t  a l l o w e d  s o m e  m o v e m e n t  i f  i t  
w e r e  r e q u i r e d .  A  s h o r t  l e n g t h  o f  b a r  w a s  w e l d e d  a c r o s s  t h e  c a g e  a d j a c e n t  
t o  t h e  s t r a i n  g a u g e  t o  p r o v i d e  f i x i n g  p o i n t s  b u t  m a i n l y  f o r  t h e  p r o t e c t i o n  
f r o m  t h e  t r e m i e  p i p e  d u r i n g  c o n c r e t i n g .  C a r e  w a s  t a k e n  t o  e n s u r e  t h a t  
t h e  g a u g e s  w e r e  i n s t a l l e d  v e r t i c a l l y  a n d  r e m a i n e d  s o .  T h e r e  w e r e  a s  m a n y  
a s  s i x  g a u g e s  i n  a  p i l e ,  t h e  c a b l e s  o f  w h i c h  w e r e  t h e n  c o l l e c t e d  t o g e t h e r  
a n d  t i e d  t o  o n e  o f  t h e  m a i n  r e i n f o r c e m e n t  b a r s  a n d  t a k e n  u p  t o  t h e  t o p  o f  
t h e  p i l e .  C o n c r e t i n g  w a s  d o n e  u s i n g  a  t r e m i e  p i p e  i n  o r d e r  n o t  t o  d a m a g e  
t h e  g a u g e s .  T h e  g a u g e s  w e r e  c o n s t a n t l y  m o n i t o r e d  d u r i n g  c o n c r e t i n g  t o  
c h e c k  i f  t h e y  w e r e  w o r k i n g .
F i n a l l y  a l l  t h e  c a b l e s  w e r e  c o l l e c t e d  a n d  b r o u g h t  t o  t e r m i n a l  b o a r d s  t o  
f a c i l i t a t e  r e a d i n g  t h e  g a u g e s  a n d  t o  p r o t e c t  t h e  c a b l e  e n d s .
2 .2 .3 .  V ib ra tin g -W ire  S t r a in  Gauges
a )  P r i n c i p l e  o f  O p e r a t i o n
T h e  b a s i c  p r i n c i p l e  o f  t h e  v i b r a t i n g - w i r e  s t r a i n  g a u g e  i s  t h a t  t h e  
n a t u r a l  f r e q u e n c y  o f  v i b r a t i o n  o f  a  s t r e t c h e d  w i r e  d e p e n d s  o n  t h e  
t e n s i o n  o f  t h e  w i r e .  I f  t h e  t e n s i o n  c h a n g e s ,  t h e n  t h e  n a t u r a l  f r e q u e n c y  
o f  v i b r a t i o n  w i l l  a l s o  c h a n g e .  A p p l y i n g  N e w t o n ' s  l a w  o f  m o t i o n  a n d  t h e  
r e l a t i o n s h i p  d e r i v e d  f r o m  t h e  t h e o r y  o f  e l a s t i c i t y  b e t w e e n  s h e a r i n g  
s t r e s s ,  b e n d i n g  m o m e n t  a n d  d e f l e c t i o n ,  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  
s t r a i n  i n  t h e  g a u g e  w i r e  a n d  i t s  f r e q u e n c y  o f  v i b r a t i o n  i s  f o u n d  t o  b e  
t h e  f o l l o w i n g ,
< ia -  i ° 2>
s t r a i n
l e n g t h  o f  w i r e .
d e n s i t y  o f  t h e  w i r e  m a t e r i a l .
m o d u l u s  o f  e l a s t i c i t y  o f  t h e  g a u g e  w i r e .
a c c e l e r a t i o n  d u e  t o  g r a v i t y .
z e r o  s t r a i n  v i b r a t i n g  f r e q u e n c y .
v i b r a t i n g  f r e q u e n c y  a t  s t r a i n  £ .
g a u g e  c o n s t a n t  d e p e n d i n g  o n  t h e  p h y s i c a l  
q u a n t i t i e s  t o  b e  d e t e r m i n e d  a n d  t h e  d e s i g n  
o f  t h e  g a u g e .
I n  p r a c t i c e  t h e  e q u a t i o n  i s  s i m p l i f i e d  a s  t h e  f a c t o r s  i n  t h e  f i r s t  s e t  
o f  p a r e n t h e s e s  a r e  c o n s t a n t s  f o r  a  g i v e n  a p p l i c a t i o n .
T h e  e f f e c t  o f  c h a n g e s  i n  a m b i e n t  t e m p e r a t u r e  o n  a  v i b r a t i n g  w i r e  g a u g e  
d e p e n d s  o n  t h e  r e l a t i v e  m a g n i t u d e  o f  t h e  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  
o f  t h e  w i r e  g a u g e  a n d  t h e  s t r u c t u r e  t o  w h i c h  t h e  w i r e  i s  a t t a c h e d .  I f  
b o t h  m a t e r i a l s  h a v e  i d e n t i c a l  c o e f f i c i e n t s  o f  t h e r m a l  e x p a n s i o n ,  t h e  
f r e q u e n c y  o f  v i b r a t i o n  o f  t h e  g a u g e  w i r e  w i l l  n o t  v a r y  w i t h  t e m p e r a t u r e  
p r o v i d e d  t h a t  t e m p e r a t u r e  g r a d i e n t s  t h r o u g h  t h e  g a u g e  a r e  a v o i d e d .
b )  D e s c r i p t i o n  o f  G a u g e s
T h e  g a u g e s  c o n s i s t  b a s i c a l l y  o f  a  w i r e  u n d e r  t e n s i o n  s u c h  t h a t  w h e n  t h e  a p ­
p r o p r i a t e  f o r c e  i s  a p p l i e d ,  t h e  t e n s i o n  i n  t h e  w i r e  i s  v a r i e d .  T h e  w i r e  
i s  m a d e  t o  v i b r a t e ,  a t  i t s  n a t u r a l  f r e q u e n c y ,  b y  m e a n s  o f  a n  e l e c t r o m a g n e t  
c a l l e d  t h e  e x c i t e r .  T h e  v i b r a t i n g  w i r e  i n  t u r n  i n d u c e s  a n  e ^ m . f .  i n  a  
s e c o n d  e l e c t r o m a g n e t ,  t h e  p i c k - u p .  T h i s  i n d u c e d  c u r r e n t  i s  o f  t h e  s a m e  
f r e q u e n c y  a s  t h e  v i b r a t i n g  w i r e  a n d  c a n  b e  m e a s u r e d  b y  m e a n s  o f  a  s u i t a b l e
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m e a s u r i n g  d e v i c e .  O n c e  t h e  f r e q u e n c y  i s  k n o w n ,  t h e  m a g n i t u d e  o f  t h e  
p h y s i c a l  q u a n t i t y  e . g .  f o r c e ,  s t r e s s ,  s t r a i n ,  m a y  b e  m e a s u r e d  a n d  
o b t a i n e d .
T w o  t y p e s  o f  v i b r a t i n g  w i r e  s t r a i n  g a u g e s  w e r e  u s e d  o n  V i c t o r i a  S t r e e t ,  
b o t h  m a d e  b y  G e o n o r  A S  o f  N o r w a y  w h o  h a d  d e v e l o p e d  t h e m  f o r  t h e  
N o r w e g i a n  G e o t e c h n i c a l  I n s t i t u t e .  T h e  t y p e s  u s e d  w e r e  t h e  P 1 0 0  
p r e s s u r e  c e l l  a n d  t h e  P 2 5 0  e m b e d m e n t  t y p e  s t r a i n  g a u g e  f o r  m e a s u r i n g  
s t r a i n s  i n  c o n c r e t e .
T h e  P 1 0 0  s o i l  c e l l  i s  a  c i r c u l a r  c e l l ,  r o u g h l y  9 5  mm i n  d i a m e t e r ,  
w i t h  t h e  v i b r a t i n g  w i r e  s t r e t c h e d  b e t w e e n  t w o  p o s t s  w h i c h  a r e  m o u n t e d  
o n  a  f l o a t i n g  m e m b r a n e .  D e f l e c t i o n  o f  t h i s  m e m b r a n e  i n c r e a s e s  t h e  
t e n s i o n  o f  t h e  v i b r a t i n g  w i r e  h e n c e  c a u s i n g  a  c h a n g e  i n  t h e  n a t u r a l  
f r e q u e n c y  o f  v i b r a t i o n .  T h e  c e l l  ' i s  i n s t a l l e d  s u c h  t h a t  t h e  m e m b r a n e  
i s  f l u s h  w i t h  t h e  s u r f a c e  w h e r e  t h e  p r e s s u r e  i s  t o  b e  m e a s u r e d ,  ( s e e  
F i g .  1 1 ) .
T h e  P 2 5 0  s t r a i n  g a u g e  c o n s i s t s  o f  a  v i b r a t i n g  w i r e  s t r e t c h e d  b e t w e e n  
t w o  e n d  f l a n g e s  a n d  i s  d e s i g n e d  t o  b e  c a s t  i n t o  c o n c r e t e  s t r u c t u r e s .  
T h e  w h o l e  i n s t r u m e n t  i s  e n c l o s e d  i n  a  s t e e l  t u b e  w h i c h  h a s  s l o t s  i n  
i t  t o  w e a k e n  i t  s o  t h a t  t h e  g a u g e  s t i f f n e s s  i s  l e s s  t h a n  t h e  
e l a s t i c i t y  o f  a  b a r  o f  c o n c r e t e  w i t h  a  d i a m e t e r  o f  t h e  o v e r a l l  
d i a m e t e r  o f  t h e  g a u g e .  T h e s e  g a u g e s  c a n  b e  i n s t a l l e d  a n y w h e r e  i n  
t h e  c o n c r e t e .
T h e  g a u g e s  w e r e  r e a d  u s i n g  a  G e o n o r  P 5 2 0  v i b r a t i n g  w i r e  g a u g e  r e a d o u t  
i n s t r u m e n t .  T h i s  i s  a  s e l f - c o n t a i n e d ,  b a t t e r y  o p e r a t e d  u n i t  t h a t  
m e a s u r e s  t h e  f r e q u e n c y  o f  t h e  i n d u c e d  c u r r e n t  h e n c e  t h e  n a t u r a l  
f r e q u e n c y  o f  t h e  v i b r a t i n g  w i r e  a n d  d i s p l a y s  i t  i n  d i g i t a l  f o r m .
( s e e  F i g .  1 2 ) .
2 .2 .4  To D eterm ine Loads from C oncrete  S t r a in  Gauges
i )  D e t e r m i n e  t h e  z e r o  f r e q u e n c y  o f  t h e  g a u g e .  T h i s  c a n  b e  
d o n e  b y  m e a s u r i n g  t h e  f r e q u e n c y  u n d e r  a  n o  l o a d  c o n d i t i o n .  
O n  t h e  V i c t o r i a  S t r e e t  t e s t  p i l e s ,  t h i s  w a s  a f t e r  t h e  
p i l e s  h a v e  b e e n  c a s t  a n d  b e f o r e  t h e y  w e r e  l o a d e d .  T h i s  
i g n o r e d  t h e  s e l f  w e i g h t  f r o m  t h e  p i l e .
i i )  D e c i d e  o n  a  v a l u e  o f  E  f o r  t h e  c o n c r e t e .  T h i s  v a l u e  o f
E  w a s  d e t e r m i n e d  f o r  t h e  t e s t  p i l e s  b y  c o m p a r i n g  t h e  l o a d  
a p p l i e d  a n d  t h e  s t r a i n  i n  t h e  t o p  s t r a i n  g a u g e .  A  s t r a i n
g a u g e  w a s  a l w a y s  i n s t a l l e d  a t  t h e  t o p  o f  t h e  t e s t  p i l e s
f o r  t h i s  r e a s o n .
i i i )  F o r  t h e  g a u g e s  u s e d  o n  V i c t o r i a  S t r e e t ,  t h e  g a u g e  c o n s t a n t
- 9
i s  0 . 5  x  10 a n d  t h e  l o a d  i s  t h e n :
L  =  E  A  x  0 . 5  x  l O ” 9 x  ( f o 2 -  f 2 )
w h e r e  L  =  l o a d  i n  t o n n e s
E  =  m o d u l u s  o f  e l a s t i c i t y  o f  t h e  c o n c r e t e  
A  =  a r e a  o f  c o n c r e t e  s e c t i o n ,  
f o  =  z e r o  f r e q u e n c y  
f  =  f r e q u e n c y  a t  a n y  l o a d .
F r o m  t h e s e  r e s u l t s ,  t h e  l o a d  d i s p e r s i o n  d o w n  t h e  p i l e  c a n  
b e  d e t e r m i n e d ,  a s  t h e  d i f f e r e n c e  b e t w e e n  a n y  t w o  g a u g e s  
m u s t  b e  t h e  l o a d  c a r r i e d  b y  s k i n  f r i c t i o n .  F r o m  t h i s ,  a n  
a v e r a g e  s k i n  f r i c t i o n  v a l u e  f o r  t h e  l e n g t h  o f  p i l e  c a n  b e  
f o u n d .
.2 .2 .5  To D eterm ine P re s su re s  from P re s su re  C e ll Readings , P100
D e t e r m i n e  t h e  z e r o  f r e q u e n c y  o f  t h e  p r e s s u r e  c e l l .  T h i s  c a n  
b e  o b t a i n e d  f r o m  t h e  m a n u f a c t u r e r ' s  c a l i b r a t i o n  r e p o r t  o r  b y  
t a k i n g  a  r e a d i n g  u n d e r  z e r o  l o a d  c o n d i t i o n s  w i t h  t h e  v i b r a t i n g  
w i r e  r e a d o u t  i n s t r u m e n t .  I t  i s  p o s s i b l e  t o  m e a s u r e  p r e s s u r e s  
u s i n g  d i f f e r e n t  z e r o  f r e q u e n c i e s  t o  o b t a i n  p r e s s u r e  d i f f e r e n c e s  
r a t h e r  t h a n  a b s o l u t e  p r e s s u r e s ,  a s  o b t a i n e d  w h e n  u s i n g  t h e  
c a l i b r a t e d  z e r o  f r e q u e n c y  o r  n o - l o a d  f r e q u e n c y .  C a l l  t h i s  
z e r o  f r e q u e n c y  f o .
M e a s u r e  t h e  f r e q u e n c y  u n d e r  l o a d .  C a l l  t h i s  f r e q u e n c y  f .
E a c h  c e l l  i s  c a l i b r a t e d  b y  t h e  m a n u f a c t u r e r  a n d  t h e y  h a v e  
d e r i v e d  a  m a t h e m a t i c a l  e x p r e s s i o n  t o  d e t e r m i n e  t h e  p r e s s u r e .  
T h i s  i s  a n  e m p i r i c a l  e q u a t i o n  o f  t h e  f o r m .
P  =  K  x  ( f 2 -  f o 2) / 1 0 0 0 .
2
w h e r e  P  i s  t h e  p r e s s u r e  i n  K g / c m
K  i s  a  c o n s t a n t  a n d  i s  d i f f e r e n t  f o r  e a c h  c e l l  
f  & f o  a r e  f r e q u e n c i e s  i n  H e r t z .
2  ^
T o  o b t a i n  t h e  p r e s s u r e  i n  t o n n e s / m  t h e  e q u a t i o n  c a n  b e
m o d i f i e d  t o
■n rr  (  > 2  . f o  \ 2 )  _ 4
P  =  K  x  C — )  -  ( ^ —- r - — )  j  x  1 0( 1 0 0 0  1 0 0 0  )
F r o m  t h e s e  p r e s s u r e s ,  p r e s s u r e  c o n t o u r s  u n d e r  t h e  r a f t  s l a b  
m a y  b e  d r a w n  f r o m  w h i c h  t h e  l o a d  c a r r i e d  b y  t h e  r a f t  s l a b  m a y  
b e  d e t e r m i n e d .
2 2 
*  1  T o n n e / m  =  0 , 0 9 1  T o n / f t
2 .2 .S T es t P i le  Programme in  o rd e r  of C o n s tru c tio n  & T e s tin g
B l o c k  B
T e s t  P i l e  N o . 3  S e p t e m b e r  1 9 7 1 .  3  s t r a i n  g a u g e s  ( s e e  F i g s .  1 7  a n d  2 0 ) .
S h a f t  d i a .  =  7 6 0  m m . D e p t h  =  2 6 . 2  m„
U n d e r - r e a m e d ,  b e l l  d i a .  =  2 . 1 3  m .
L o a d e d  t o  4 0 0 T  ( D e f l e c t i o n  7  m m ) .  O f f  l o a d e d
L o a d e d  t o  4 9 0 T  ( D e f l e c t i o n  1 2  m m ) .  A t  t h i s  p o i n t  t h e  c a p ,  w h i c h  h a d  b e e n
c a s t  e c c e n t r i c a l l y ,  m o v e d  s i d e w a y s .
T e s t  P i l e  N o . 2  S e p t e m b e r  & O c t o b e r ,  1 9 7 1 ,  3  s t r a i n  g a u g e s  a n d  s o i l  c e l l . ( F i g .  
S h a f t  d i a ,  =  7 6 0  m m .  D e p t h  =  2 1  m .
U n d e r - r e a m e d ,  b e l l  d i a .  =  2 . 1 3  m .
P i l e  w a s  1 4  d a y s  o l d  a t  s t a r t  o f  t e s t i n g .
L o a d e d  t o  4 0 0 T  ( D e f l e c t i o n  6 .  m m ) .  O f f  l o a d e d .
L o a d e d  t o  7 5 0 T  ( D e f l e c t i o n  1 4  m m ) .  O f f  l o a d e d .
B l o c k  C
T e s t  P i l e  N o . l  O c t o b e r  1 9 7 1 ,  3  s t r a i n  g a u g e s .  ( S e e  F i g s .  1 6  a n d  1 8 ) .
S h a f t  d i a .  =s 7 6 0  m m . D e p t h  =  2 7 . 1  m .
U n d e r - r e a m e d ,  b e l l  d i a .  =  2 . 1 3  m .
P i l e  w a s  2 5  d a y s  o l d  a t  s t a r t  o f  t e s t i n g .
L o a d e d  t o  4 0 0 T  ( D e f l e c t i o n  5  m m ) .  O f f  l o a d e d .
L o a d e d  t o  8 0 0 T  ( D e f l e c t i o n  1 3  m m ) .  O f f  l o a d e d .
T e s t  P i l e  N o . 4  N o v e m b e r  1 9 7 1 ,  3  s t r a i n  g a u g e s  a n d  s o i l  c e l l . ( S e e  F i g .  2 1 ) .
S h a f t  d i a .  =  7 6 0  m m .  D e p t h  =: 2 0 . 4  m .
S t r a i g h t  s h a f t e d .
P i l e  w a s  1 3  d a y s  o l d  a t  s t a r t  o f  t e s t i n g .
L o a d e d  t o  4 5 0 T  ( D e f l e c t i o n  7  m m ) .  O f f  l o a d e d .
L o a d e d  t o  - 6 0 0 T  ( D e f l e c t i o n  1 9  m m ) .  O f f  l o a d e d .  P i l e  s t a r t e d  t o  f a i l .
2 .3  I n i t i a l  P i l e  D esign
T h e r e  e x i s t s  a  2 n d  l e v e l  b a s e m e n t  o v e r  m o s t  o f  t h e  s i t e ,  s o  t h e  
p o s s i b i l i t y  o f  p r o v i d i n g  a  r a f t  f o u n d a t i o n  o n  t h e  s a n d y  g r a v e l  w a s  
c o n s i d e r e d .  H o w e v e r ,  b e c a u s e  o f  t h e  v a r y i n g  p r o f i l e " o f  t h e  s u p e r ­
s t r u c t u r e ,  t h e r e  w e r e  l a r g e  p r e d i c t e d  d i f f e r e n t i a l  s e t t l e m e n t s  
b e t w e e n  t h e  h i g h  a n d  l o w  a r e a s  ( s e e  s u m m a r y  o f  r e p o r t  b y  S i m o n s ,  
S e c t i o n  1 . 4 ) .  T h e s e  w e r e  c o n s i d e r e d  t o  b e  t o o  h i g h  a n d  s o  i t  w a s  
d e c i d e d  t o  p i l e  t h e  w h o l e  d e v e l o p m e n t .  T h e  i n s t a l l a t i o n  o f  t h e  
u n d e r g r o u n d  d r a i n a g e  a n d  m a n h o l e s  s e r i o u s l y  d i s t u r b e d  t h e  s a n d y  
g r a v e l  o n  w h i c h  a  r a f t  w o u l d  h a v e  b e e n  f o u n d e d ,  s o  t h a t  ( w i t h  h i n d ­
s i g h t )  t h e  d e c i s i o n  t o  p i l e  t h e  s i t e  w a s  t h e  r i g h t  o n e .
2 . 3 - .  1  P l u g  T e s t s  a n d  P l a t e  B e a r i n g  T e s t s
N i n e  p l a t e  b e a r i n g  t e s t s  w e r e  c o n d u c t e d  b y  M a r s l a n d  o f  t h e  B u i l d i n g
R e s e a r c h  S t a t i o n .  F i g .  1 3  s h o w s  t h e  B . R . S .  P l a t e  L o a d i n g  T e s t
e q u i p m e n t  w h i c h  w a s  u s e d  o n  t h i s  p r o j e c t .  T h e s e  g a v e  v a l u e s  o f
/ 2
t h e  U l t i m a t e  B e a r i n g  C a p a c i t y  C o f  a b o u t  1 0 0 0  k N / m  a t  1 0  m d e p t h
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i n c r e a s i n g  t o  1 5 0 0  k N / m  a t  2 2  m .  d e p t h .  T h e s e  r e s u l t s  a r e  g i v e n
i n  T a b l e  1 2  a n d  a r e  p l o t t e d  i n  F i g .  1 4 .
A n  e n d e a v o u r  w a s  m a d e  t o  d e t e r m i n e  t h e  s h e a r  s t r e n g t h  o n  a  c y l i n d r i c a l  
p l u g  o f -  c o n c r e t e ,  c a s t  i n t o  a  c y l i n d r i c a l  h o l e , u s i n g  t h e  B . R . S ,  P l a t e  
B e a r i n g  T e s t  e q u i p m e n t .  T h i s  g a v e  v a l u e s  o f  s h e a r  s t r e n g t h  o f  
a b o u t  1 0 0  k N / m 2 ,  ( s e e  T a b l e  1 2 ) .
2 . 3 . 2  I n i t i a l  D e s i g n  C o m p a r e d  w i t h  T e s t  P i l e  R e s u l t s
C o n s i d e r i n g  t h e  h e a v y  c o l u m n  l o a d s  a n d  t h e  n a t u r e  o f  t h e  s u b - s o i l ,  
l a r g e  d i a m e t e r  u n d e r - r e a m e d  p i l e s  w e r e  c h o s e n  f o r  t h e  i n i t i a l  s c h e m e .  
T h e  d e s i g n  f a c t o r s  w e r e  0 , 4 5  a s  t h e  s o f t e n i n g  f a c t o r  o n  t h e  s h a f t  
f r i c t i o n  a n d  9  f o r  t h e  e n d  b e a r i n g .  T h e  f a c t o r  o f  s a f e t y  w a s  2 , 5  
o v e r a l l  o r  a  c o m b i n a t i o n  o f  2 . 0  o n  t h e  s h a f t  f r i c t i o n  a n d  3 . 0  o n  t h e  
e n d  b e a r i n g ,  w h i c h e v e r  w a s  t h e  l e s s e r .  V a l u e s  o f  w e r e  t a k e n  f r o m  
t h e  r e s u l t s  o f  t h e  t r i a x i a l  c o m p r e s s i o n  t e s t s  c o n d u c t e d  d u r i n g  t h e  
s i t e  i n v e s t i g a t i o n .  F i g .  1 5  s h o w s  a  t y p i c a l  c r o s s - s e c t i o n  o f  t h e  
i n i t i a l  u n d e r - r e a m e d  p i l e  d e s i g n .
W h e n  t h e  f i r s t  t h r e e  p i l e s  h a d  b e e n  c o n s t r u c t e d  a n d  t e s t e d ,  i t  w a s  
o b v i o u s  t h a t  t h e  i n i t i a l  d e s i g n  w a s  f a r  t o o  c o n s e r v a t i v e ,  a s  n o n e  
o f  t h e m  r e a c h e d  12 mm s e t t l e m e n t  b y  t h e  t i m e  t h e  j a c k  c a p a c i t y  w a s  
r e a c h e d  a t  8 0 0 . t o n n e s .  A n  a t t e m p t  t o  g e t  l a r g e r  s e t t l e m e n t s  i n  t h e  
l a s t  p i l e  i n  B l o c k  C  w a s  m a d e ,  b y  r e d u c i n g  t h e  l e n g t h  o f  t h e  p i l e  
a n d  b y  o m i t t i n g  t h e  u n d e r - r e a m e d  b e l l ,  t h u s  m a k i n g  i s  s t r a i g h t -  
s h a f t e d .  T h i s  l a s t  p i l e  r e a c h e d  a b o u t  2 0  mm s e t t l e m e n t  a t  6 0 0  t o n n e s ,  
w h e n  t h e  r a p i d  f a l l - o f f  l o a d  s u g g e s t e d  i t  w a s  s t a r t i n g  t o  r e a c h  
u l t i m a t e  c a p a c i t y .  T h e  t e s t  r e s u l t s  i n d i c a t e d  t h e  o v e r  c o n s e r v a t i v e  
b a s i s  o f  t h e  p r e l i m i n a r y  d e s i g n .  ( s e e  F i g s .  1 8 ,  1 9 ,  2 0  a n d  2 1 . )
T h e  v a l u e s  f o r  t h e  c o h e s i o n  C u  o b t a i n e d  f r o m  t h e  U 4  s a m p l e s  t a k e n  
d u r i n g  t h e -  b o r i n g  o f  t h e  t e s t  p i l e s  w e r e  c o n s i s t e n t l y  h i g h e r  t h a n  
t h e  r e s u l t s  f r o m  t h e  s a m p l e s  t a k e n  d u r i n g  t h e  s o i l  i n v e s t i g a t i o n ,  
( C o m p a r e  F i g .  6 a n d  F i g .  9 ) .  E v e n  t a k i n g  t h e s e  h i g h e r  v a l u e s  i n t o  
a c c o u n t ,  i t  w a s  p o s s i b l e  t o  j u s t i f y  t h e  v e r y  h i g h  p i l e  l o a d s ,  o n l y  
b y  u s i n g  a  s o f t e n i n g  f a c t o r  o f  a p p r o x i m a t e l y  0,8  a n d  a n  e n d  b e a r i n g  
v a l u e  m u c h  g r e a t e r  t h a n  9 .
T h e  s t r a i n  g a u g e s  i n  t h e s e  t e s t  p i l e s  i n d i c a t e d  a n . a v e r a g e  s k i n  
f r i c t i o n  i n  t h e  b l u e / g r e y  L o n d o n  C l a y  o f  1 6 7  k N / m 2 ,  w h i c h  i s  s l i g h t l y  
g r e a t e r  t h a n  t h e  a v e r a g e  s h e a r  s t r e n g t h  r e s u l t s  o v e r  c o m p a r a b l e  
d e p t h s  f r o m  t h e  s i t e  i n v e s t i g a t i o n s .  ( A b o u t  1 5 0  k N / m  ) ,  T w o  p o i n t s  
a r e  t h e n  a p p a r e n t .  ( S e e  F i g s .  2 2 ,  2 3  a n d  2 4 ) .
a )  T h e  c o h e s i o n  r e s u l t s  f r o m  U  4  s a m p l e s ,  w h i c h  a r e  a l w a y s  s c a t t e r e d ,  
a r e  a l s o  d e p e n d e n t  o n  t h e  m e t h o d  o f  s a m p l i n g .  I t  i s  l i k e l y  t h a t  t h e  
s a m p l e s  f r o m  t h e  t e s t  p i l e  h o l e s ,  w h e r e  t h e  s a m p l e  t u b e  w a s  d r i v e n  
i n t o  t h e  s o i l  w i t h  a  s i n g l e  b l o w  f r o m  t h e  K e l l y  b a r  i n  t h e  d r i l l i n g  r i g ,  
w e r e  l e s s  d i s t u r b e d  t h a n  t h o s e  f r o m  t h e  i n v e s t i g a t i o n  b o r e - h o l e s , .  w h e r e  
t h e  s a m p l e - t u b e  h a d  t o  b e  d r i v e n  i n t o  t h e  s o i l  w i t h  s e v e r a l  b l o w s .
b )  T h e  s o f t e n i n g  f a c t o r  o f  0 . 4 5 ,  w h i c h  w a s  i n t r o d u c e d  b y  S k e m p t o n  
f o r  p i l e s  w h i c h  w e r e  b o r e d  b y  a  s l o w  t r i p o d  r i g ,  i s  u n r e a l i s t i c  f o r  
m o d e r n  d r i l l i n g  r i g s  w i t h  p o w e r e d  a u g e r s .  W i t h  t h e  T e s t  P i l e s ,  o n l y  
t h r e e  o r  f o u r  h o u r s  e l a p s e d  b e t w e e n  t h e  c o m m e n c e m e n t  o f  d r i l l i n g  i n t o  
t h e  c l a y ,  a n d  t h e  f i n a l  c o n c r e t i n g .  F o r  t h i s  t i m e  o f  e x p o s u r e  o f  t h e  
c l a y ,  i t  i s  p r o b a b l e  t h a t  v e r y  l i t t l e ,  i f  a n y ,  s o f t e n i n g  t o o k  p l a c e  
a n d  s o  a  s o f t e n i n g  f a c t o r  o f  1 . 0  i s  a p p r o p r i a t e  i n  t h i s . c a s e .  T h e  T e s t  
P i l e  r e s u l t s  i n  B l o c k  D  c o n f i r m e d  t h i s .  ( C o m p a r e  F i g ,  8 a n d  F i g .  1 0 ) .
T h e  s o f t e n i n g  f a c t o r  h a d  b e e n  u s e d  t o  a l l o w  f o r  a n y  d i s c r e p a n c i e s  
b e t w e e n  t h e  s t r e n g t h  o f  t h e  c l a y ,  s k i n  f r i c t i o n  i n  t h e  w o r k i n g  
s i t u a t i o n ,  a n d  t h e  s t r e n g t h  o f  t h e  s a m p l e s  i n  t h e  L a b o r a t o r y ,  T h e s e  
m a y  h a v e  b e e n  c a u s e d  b y  s u c h  f a c t o r s  a s  t h e  m e t h o d  o f  s a m p l i n g  a n d  
t e s t i n g  s i l t y  l a y e r s ,  c l a y s t o n e s ,  f i s s u r e s  a n d  t h e  a c t i o n  o f  t h e  
c l a y / c o n c r e t e  i n t e r f a c e  o f  t h e  p i l e s  a s  w e l l  a s  s o f t e n i n g  o f  t h e  
c l a y  f r o m  e x p o s u r e  t o  m o i s t u r e .
H o w e v e r ,  s i n c e  t h e  b o r e  h o l e s  r e s u l t s  f r o m  t h e  s i t e  i n v e s t i g a t i o n  
s h o w e d  t h e  s o i l  ’t o  b e  u n i f o r m  a c r o s s  t h e  s i t e ,  a n y  s u c h  p h e n o m e n a  
a c t i n g  o n  a  T e s t  P i l e  w o u l d  a l s o  a c t  o n  a  W o r k i n g  P i l e ,  s i n c e  t h e y  
w e r e  b o t h  c o n s t r u c t e d  i n  t h e  s a m e  m a n n e r .  I t  w a s ,  t h e r e f o r e ,  n o t  
a p p r o p r i a t e  t o  u s e  s u c h  a n .  a d j u s t m e n t  f a c t o r .  I f  t h e  f i n a l  d e s i g n  
h a d  b e e n  b a s e d  o n  t h e  t r i a x i a l  c o m p r e s s i o n  r e s u l t s ,  a  s o f t e n i n g  
f a c t o r  o f  1 ,0  w o u l d  h a v e  b e e n  u s e d ,  b e c a u s e  o f  t h e  p e s s i m i s t i c  
r e s u l t s  f r o m  t h e  s o i l  i n v e s t i g a t i o n .
2 ,4  Summary of C hap ter
I n  t h e  c o m p r e h e n s i v e  s i t e  i n v e s t i g a t i o n  u n d e r t a k e n  i n  t h e  t h r e e  a d j a c e n t  
s i t e s ,  t w e n t y - n i n e  b o r e h o l e s  w e r e  s u n k  t o  a  d e p t h  o f  a b o u t  3 0  m ,  I n  
g e n e r a l  t h e  s t r a t a  c o n s i s t  o f  a b o u t  9  m o f  m e d i u m  d e n s e  F l o o d  P l a i n  
G r a v e l  o v e r l y i n g  a b o u t  3 5  m o f  s t i f f  b l u e / g r e y  L o n d o n  C l a y ,  b e l o w  
w h i c h  a r e  t h e  W o o l w i c h  a n d  R e a d i n g  B e d s .
T h e  r e l a t i v e  d e n s i t y  o f  t h e  s a n d y  g . r a v e l  w a s  e s t a b l i s h e d  b y  c o n d u c t i n g  
S t a n d a r d  P e n e t r a t i o n  C o n e  T e s t s  d u r i n g  b o r i n g .  S a m p l e s  w e r e  t a k e n  a n d  
u s e d  f o r  s i e v e  a n a l y s i s .  N u m e r o u s  u n d i s t u r b e d  s a m p l e s  o f  c l a y  w e r e  
t a k e n  a n d  u s e d  f o r :
a )  U n d r a i n e d  T r i a x i a l  C o m p r e s s i o n  T e s t s  t o  e s t a b l i s h  v a l u e s  o f  
t h e  u n d r a i n e d  s h e a r  s t r e n g t h  C u ,
b )  C o n s o l i d a t i o n  T e s t s  i n  t h e  o e d e o m e t e r  t o  d e t e r m i n e  t h e  
c o m p r e s s i b i l i t y  My  a n d  t h e  c o e f f i c i e n t  o f  c o n s o l i d a t i o n  C y .
c )  C h e m i c a l  a n a l y s e s  t o  d i s c o v e r  t h e  s u l p h a t e  c o n t e n t .
U n d i s t u r b e d  c l a y  s a m p l e s  w e r e  ^ a l s o  t a k e n  d u r i n g  t h e  b o r i n g  o f  t h e  
T e s t  P i l e s  a n d  s u b j e c t e d  t o  U n d r a i n e d  T r i a x i a l  C o m p r e s s i o n  T e s t s .
A  t o t a l  o f  f o u r  s t r a i g h t - s h a f t e d  t e s t  p i l e s  a n d  t h r e e  u n d e r - r e a m e d  
t e s t  p i l e s  w e r e  c o n s t r u c t e d  a n d  t e s t e d .  A l l  b u t  o n e  w e r e  i n s t r u m e n t e d  
w i t h  s t r a i n  g a u g e s  a t  p o s i t i o n s  d o w n  t h e i r  l e n g t h s  t o  e n a b l e  t h e  s k i n  
f r i c t i o n  t o  b e  a s s e s s e d ,  a n d  a  s o i l  p r e s s u r e  c e l l  w a s  i n s t a l l e d  a t  
t h e  b a s e  . . o f .  e a c h  p i l e ,  t o  f i n d  t h e  e n d - b e a r i n g .
P l a t e  b e a r i n g  t e s t s  w e r e  c o n d u c t e d  t o  f i n d  t h e  E n d  B e a r i n g  C a p a c i t y  
o f  p i l e s  i n  t h e  c l a y  a n d  w e r e  l a t e r  u s e d  t o  f i n d  E ^  v a l u e s .
T h e  i n i t i a l  d e s i g n  p r o p o s e d  l a r g e  d i a m e t e r  u n d e r - r e a m e d  p i l e s  w i t h  a  
s h a f t  f r i c t i o n  s h e a r  s t r e s s  o f  0 , 4 5  C u  a n d  a n  e n d  b e a r i n g  s t r e s s  o f  
9  C u ,  w h e r e  C u  i s  a n  a v e r a g e  o f  t h e  r e s u l t s  o f  t h e  t r i a x i a l  c o m p r e s s i o n  
t e s t s  f r o m  t h e  s i t e  i n v e s t i g a t i o n .  T h e  t e s t  p i l e s  p r o v e d  t h i s  t o  b e  
v e r y  c o n s e r v a t i v e .  F r o m  t h e  l o a d  d e f l e c t i o n  c h a r a c t e r i s t i c s  a n d  t h e  
s k i n  f r i c t i o n ,  s h e a r  s t r e s s ,  i n d i c a t e d  b y  s t r a i n  g a u g e s  i n  t h e  p i l e s ,  
i t  w a s  a p p a r e n t  t h a t : -
a )  T h e  t r i a x i a l  c o m p r e s s i o n  t e s t s  f r o m  t h e  s i t e  i n v e s t i g a t i o n  
g a v e  p e s s i m i s t i c  r e s u l t s ,
b )  F o r  t h e  d e s i g n  o f  p i l e s ,  f o r  t h i s  s i t e ,  a  s o f t e n i n g  f a c t o r  o f  
1,0  w a s  m o r e  a p p r o p r i a t e  t h a n  0 . 4 5 .
TABLE i
B L O C K S  B  fc C STA N D A R D  D Y N A M IC  C O N E  P E N E T R A T I O N  T E S T S  
(N  a  N o .  o f - b l o w s )
Depth 5T0 "-
5T6"
10*0"- 
11T 6"
15 *0 "- 
1616"
20,0 "- 
21f 6"
2 5 '0 "- 
26, 0n
BH No. N N N N N
2 - 26 24 19 18
3 - 40 45 11 4
4 - 38 45 17 26
5 - 26 25 13 14
6 - 38 51 13 14
7 23 11 27 12 12
8 9 19 23 8 5
9 9 23 - 8 23
12 25 28 18 8 7
13 10 27 30 11 1 12
14 15 17 15 13 10
15 19 28 16 4 4
17 27 23 16 4 -
20 30 30 24 6 -
22 24 13 18 17 -
23 8 6 12 6 -
24 16 18 21 7 -
25 14 12 12 7 10
27 17 30 15
(30T
5
4
0n-3 1 f )
Range o f 10-25 17-30 25-45
12-20
10-20
4-10
5-20
R ela tive
Density
Medium
Dense
Medium
Dense
Dense to
Medium
Dense
Medium 
Dense to  
loose
Loose to
Medium
Dense
TABLE 2 65.
B L O C K S  B 3c C B O R E H O L E  N O .  2 - 2 7
BOREHOLE DEPTH JJATER LIQUID PLASTIC PLASTIC­ CLAY • ACTIVITY SPECIFICNO. CONTENT LIMIT % LIMIT % ITY FRACTION P .I./%  GRAVITY
INDEX % CLAY
2 30T0 "- 
31’ 6"
24.4 81.6 24.3 57.3 - - -
80’ 0 "- 22.6 68.7 23.8 44.9 - — -
81’ 6"
100 '0 "- 21.1 72.6 25.9 46.7 - - -
101’ 6"
3 5 ’ 0” -  
, 6 ’ 6"
44.4 67.9 16.0 51.9 - - -
60’ 0” - 26.6 84.5 •19.4 •65.1 m —
61f 6"
118’ 6” - 24.0 65.5 14.1 51.4 _
120f 0"
4
27’ o "- 
28’ 6" 27.8 75.7 27.5 48.2 - - -
33* 6 "- 
35’ 0" 28.6 94.7 28.5 66.2
- - -
5 30’ 0 "-  31* 6M 27.4 35.6 21.4 14.2
- - 2.635
50’ 0 "- 
51’ 6” 271.7 83.0 25.7 57.3 - - 2.716
60*0"- 
6 i ’ 6’’ 25.2 - - - - - 2.740
80’ 0,!-
81 ’ 6” 25.6 72.1 28.6 43.5 -
- 2.592
6 5’ 0M-  6 '6 " 22.1 31.9 10.5 21.4 - - -
30f 0” -
31T 6” 27.0 93.6 17.6 76.0 - - -
80’ 0” -
81f 6” 24.9 75.7 28.9 46.8 - - -
118’ 6” -  
120’ 0” 21.8 72.6 26.2 46.4
- - -
2 7 ’ 6” -
7 ^ t o "  2 8 * °  81,5  27,9  53"6
TABLE .2 CONTINUED.
BOREHOLE NO. 2 -  27 ( e o n t.)
BOREHOLE T>FPTo WATER
CONTENT
LIQUID PLASTIC PLASTIC­ CLAY ACTIVITY SPECIFIC
NO. LIMIT % LIMIT % ITY FRACTION P .I./% GRAVITY
INDEX % CLAY
8 3 0 '0 "- 31’ 6" 29.2 95.9 22.8 73.1 - - -
4 5 '0 "- 
46 '6" 18.5
- - - - - 2.855
9 8 '6 "- 
100'0" 24.9 77.7 19.4 58.3
- - 2.749
12 2 9 '0 "- 30' 6" 28.3 57,4 29.9 27.5 67 0.41 • -
40’ 0 "-
41' 6" 29.5 83.9 29.5 54.4 67 0.81 -
50'0"~ 
51' 6" 26.3 77.6 25.8 51.8 60 0.86 -
60! 0 "- 
61! 6fl 25.7 74.0 26.4 47.6 63 0.75 -
70* 0 "- 
71T 6" 25.0 74.9 26.6 48.3 57 0.85
-
80'0 n-  
81T 6" - 72.5 22.2 50.3 62 0.81 -
9 0 '0 "- 
91’ 6" 25.5 77.5 23.5 54.0 68 0.80 -
100 '0"- 
101T 6” 21.6 49.0 20.9 28.1 56 0.50 -
110 '0"- 
111'6n-
- 54.1 24.0 30.1 68 0.44 -
118* 6 "- 
120'0" 25.0 66.9 26.1 40.8 63 0.65
-
13 27' 0"-* 28'6" 33.5 87.2 25,8 61.4
- - -
3 3 '0 "- 
35’ 6" 29.5 86.3 28.6 51.7 -
- -
7 8 '6 "- 
80' 0" 26.2 72.1 26.0 46.1 -
- -
1T8T6"~ 
120’ 0"
- 67.2 24.9 42.3 - - -
TABLE 2 CONTINUED
BOREHOLE NO. 2 -  27 (c o n t .)
B O R E H O L E
N O .
W A T E R  
D E P T H  C Q N T E N T
L I Q U I D  
L I M I T  %
P L A S T I C  
L I M I T  %
P L A S T I C ­
I T Y
I N D E X
CL A Y
F R A C T I O N
%
A C T I V I T Y
P . I . / %
C L A Y
S P E C I F I C
G R A V I T Y
14 30*0"- 31 '6" 29.0 34.8 20.7 14.1 -
- -
60 .0"- 
61’6" 26.4 79.8 25.4 54.4 - -
-
9 0 '0 "- 
91’ 6 " 24. 6 80.1 ' 26.6 53.5 - - -
15 38’6"- 40’0" 27.6 92.7 29.8 63.9 -
- -
48’6"- 
50’0" 25.8 77.7 26.8 50.9 -
- -
8 8 ’0 " -  
90’0" 26.6 75.7 28.8 46.9 - - -
23 2 1 ' 6 " -  • 23’0" 31.9 86.3 25.6 60.7 - -
-
23, 0"- 
24 '6” 30.0 8 6 . 1 ‘ 26.7 59.4 - - -
25 2 7 '6 "-  30’0" 27.4 87.4 26.8 60.6 - - -
45’0"- 
46’6" 28.9 90.7 27.1 63.6 - - -
60’ 0"- 
61’6" 25.8 51.8 27.6 24.2
- - -
90’0"- 
91 '6" 24.2 70.2 29.0 41.2 - -
27 2 0 ’6" -  
2 2 ’0" 29.9 77.5 23.5 54.0
- -  * -
35 ’ 0"- 
36' 6 " 26.2 71.8 25.9 45.9 -
- -
50’0"- 
51 '6” 26.5 77.8 27.2 50.6 - - -
80’0"- 
81’ 6” 25.3 54.4 19.3 35.1
- - -
1 2 0 ’0 ”-  
1 2 1 *6 " 21.9 65.2 22.9 42.3
- - -
TABLE 3
B L O C K S  B  fc G C O M P R E S S I B I L I T Y  AND S H E A R  S T R E N G T H
( R e f e r  t o  F i g u r e  5  )
B o r e h o l e
N o .
2 30*0n-31*6*’ 0.0090 1 1 1 1.36
8o*ou- 8 i* 6 M 0.0067 149 3.45
100l 0,,-1 0 1 , 61’ 0.0041 244 2.60
3 . . 3 0 '0 " - 3 V 6" • 0.0049 . 204 0.70
30t 0l,-3 1 , 6n 0.0070 143 0.70
45’0n-46* 6 " 0.0058 172 1.34
* SO’C -S l*  6 ” 0.0085 118 1.08
80*0"-81’6" 0.0074 135 ' 1.50
■ 98*6"-100'0" 0.0019 526 2 . 0 0
118I6"-120, 0M 0.0045 2 2 2 3.60
4 2 7 '0 "-2 8 '6 " 0.0059 170 0.75
28* 6"-30 *0" 0.0091 1 1 0 0.62
43’6 "-4510" 0,0089 1 1 2 1.16
6 8 * 6,!-7 0 T0n 0.0055 182 2.15
9 8 '6 "-1 0 0 f0" 0.0041 244 • 2.33
5 30\0M-3 1 '6 ” 0.006 167 0.75
3 5 '0 "-3 6 ’6" 0 . 0 1 0 1 0 0 0.91
60f0n-6 1 f6M 0.007 143 1.30
80V0,l-8 1 ’6n 0.0105 95 2.36
6 6 0 '0”- 6 l ’ 6 " 0.0069 145 2.78
7 27, 6,,-2 9 ’0n 0.0090 111 1 . 2 0
59 l6,,-6 1 ’0H 0.0060 167 1.94
79 , 6,,-8 1 , 0!l 0.0057 173 1.28
9 2 8 '6 ,,-3 0 , 0n 0.0094 106 0.76
38* 6,l-4 0 ’0n 0.0070 143 0.64
1 2 '30f6n-3 2 , 0n 0.0145 69 1 . 2 0
70’0,l-7 1 , 6,t 0.0090 111 3.80
1 0 0 *0 M- 1 0 1 * 6 " 0.0042 238 3.50
D e p t h  C o m p r e s s i b i l i t y  M o d u l u s  o f  S h e a r
C o m p r e s s i b i l i t y  S t r e n g t h
f t 2 / t o n  Kv  ”  -  t o n / f t 2 Cl/ + t -2
m  t o n / f t
v
( 4 M d i a m e t e r ,  8"  h i g h  s a m p l e s )
69.
TABLE 3 CONTINUED.
C O M P R E S S I B I L I T Y  AND S H E A R  S T R E N G T H  ( c o n t . )  
( R e f e r  t o  F i g u r e  5  )
B o r e h o l e  D e p t h  C o m p r e s s i b i l i t y  i M o d u l u s  o f  S h e a r
N o .  C o m p r e s s i b i l i t y  S t r e n g t h
f t 2/ t o „  V  i  t o n / f t 2 t o n / f t 2
V
13 2 7 '0 " -2 8 '6" 0.0097 130 0.42
• 28’6 "-30 '0" 0.0073 137 0.97
14 3 0 '0 " -3 1 '6" * 0.0119 84 1.14
5 0 '0 "-5 1 '6 " 0.0061 164 1.58
6Q'0"-61'6" 0.0070 • 145 2.1.4
90, 0 "-91 , 6" 0.0070 143 2.54
15 33t 6"-35 , 0n 0.0154 65 1.38
68f6fI~70’0" 0.0054 185 2.24
17 25f6 "-27 f0" * 0 . 0 1 2 0 83 0 . 6 6
2 0 23* 6 "-2 5 10" 0.0140 71 0.85
2510 "-2 6 16" 0 . 0 1 1 0 91 0.92
2 2 30, 0 "-3 1 l 6M 0.0140 71 1.07
45, 0 "-4 6 , 6"‘ 0.0090 1 1 1 1.70
23 2 3 '0 " -2 4 '6" 0.0090 1 1 1 0.91
24 2 4 '0 "-25 ’ 6" 0.0130 77 0.77
4 0 '0 "-4 1 '6 " 0.0081 123 0.93
.1 0 0 1 0 " - 1 0 1 ' 6 " 0.0050 2 0 0 1 . 6 8
25 2 7 '6 "-3 0 '0 " 0.0150 67 1.06
45 '0 " - 4 6 '6" 0.0080 125 1.48
6 0 '0 "-61 '6" 0.0050 2 0 0 1.60
90'0"-91* 6 " 0.0050 2 0 0 1.77
27 3 5 '0 "-3 6 '6 " 0 . 0 1 1 0 91 1.30
50T0 "-51 f 6 " 0.0070 143 1.36
1 2 0 ' 0" - 1 2 1 ' 6 " 0.0047 213 5.10
TABLE 4
B L O C K S  B & C
A v e r a g e  v a l u e s  f o r  x  3 M 
s p e c i m e n s .
D e p t h  ( ~ -------^ - )  f a i l u r e  ( f a i l u r e )  E ( a t  h a l f  f a i l u r e  l o a d )
f t . 2 % p s i
p s i
3 4  2 5 . 9  3 . 3  5 , 3 9 2
3 9  2 3 . 7  3 . 4  3 , 7 8 0
4 4  2 1 . 6  2 . 1  3 , 5 6 0
4 9  1 8 . 5  3 . 5  2 , 3 1 3
5 0  2 7 . 8  4 . 6  3 , 9 8 0
5 4  2 7 . 3  4 . 7  3 , 8 0 0
5 9  2 5 . 3  3 . 4  3 , 6 1 4
6 2  3 4 . 5  3 . 3  5 , 4 5 0
6 4  2 3 . 6  3 . 5  2 , 8 8 3
66 ' 2 5 . 6  3 . 5  4 , 5 0 0
6 9  3 2 . 1  3 . 8  3 , 8 0 0
N o t e :
( “ L 2— 3 ' ) f  -  h a l f  p r i n c i p a l  s t r e s s  d i f f e r e n c e  a t  f a i l u r e  
£ f  =  f a i l u r e  s t r a i n
07 -P V
E =  Y o u n g ’ s  m o d u l u s  a t  ( --------^ — ) f ,
TABLE 5
B L O C K S  B  & C
A v e r a g e  v a l u e s  f o r  4 M x  8n 
s p e c i m e n s
D e p t h  ^ )  f a i l u r e  / f  E ( a t  h a l f  f a i l u r e  l o a d )
f t .  . % p s i
p s i  c
3 4 1 7 . 2 2 . 4 4 , 2 9 0
39 1 5 . 6 2 , 9 . . 2 , 3 3 3
4 4 1 6 . 0 2.6 3 , 6 6 6
4 9 2 0 . 4 2.8 3 , 4 0 0
5 4 1 6 . 4 2 . 9 3 , 0 8 2
5 9 2 5 . 9 3 . 5 3 , 7 3 3
6 2 20.1 1.8 6,000
6 4 2 4 . 9 2 . 5 5 , 7 1 6
66 2 5 . 8 3 . 3 5 , 6 0 0
6 9 2 6 . 0 2.8 4 , 1 7 5
TABLE 6
BLOCKS B Ss C.
A v e r a g e  v a l u e  o f  ( — •— ^ --------- ) f  f ° r  4 M x  8"  s p e c i m e n / a v e r a g e  v a l u e
o f  & ■)f  f o r  1 % "  x  3 "  s p e c i m e n
D e p t h  ( - 5 L  ^ 1 - ) f  f o r  4»» x  g»» s p e c i m e n
f t .  f o r  x  311 S p e c i m e n
3 4  68
3 9  6 7
4 4  7 4
4 9  1 0 9 .  -
5 4  6 0
5 9  1 0 3
6 2  5 9
6 4  1 0 6
6 6  1 0 0
6 9  8 1
A verage 83
B L O C K S  B Sc C
A v e r a g e  v a l u e s  o f  £  f  f o r  4 "  x  8"  s p e c i m e n s / a v e r a g e  v a l u e s  
o f  £  f  f o r  1 % "  x  3 11 s p e c i m e n s
£  f  f o r  4 n  x  8"  s p e c i m e n s  
£ f  f o r  x  3 M s p e c i m e n s
7 3  
8 5
1 2 3  
8 0  
6 2  
1 0 3  
5 5 ;
7 1  
9 4
7 4
A v e r a g e  8 2
TABLE 7
A v e r a g e  v a l u e  o f  E  f o r  4 ”  x  8"  s p e c i m e n / a v e r a g e  v a l u e  o f  E  
f o r  1 % ”  x  3 "  s p e c i m e n
D e p t h E  4 "  x  8”
( f t ) i
%
3 4 8 0
3 9 6 0
4 4 1 0 6
4 9 1 4 6
5 4 8 2
5 9 1 0 6
6 2 110
6 4 1 9 7
66 1 2 4
6 9 110
Average 121
D e p t h
( f t )
3 4  
3 9  * 
4 4  
4 9  
5 4  .
5 9
6 2
6 4
66
6 9
TABLE 8
747
TABLE 9
2 .5 .2 _________S o il  I n v e s t ig a t io n  R e su lts : Block D
S t a n d a r d  D y n a m i c  C o n e  P e n e t r a t i o n  T e s t s  
( N  =  N o .  o f  B l o w s )
A p p r o x i m a t e
D e p t h  ( m ) 1 . 5 3 . 0 4 . 5 6 . 0 7 . 5 9 . 0 1 0 . 5
B . H ,  N o . N N N N N N N
1 2 4 2 7 29 3 2 3 0 3 7
2 - 2 4 2 6 3 3 3 3 35 -
3 - 2 2 3 3 35 3 7 3 3
4 - 2 3 2 8 2 5 3 1 3 8 -
5 2 1 19 3 2 3 2 2 6 31 3 3
6 - 1 4 ' 1 4 3 0 3 2 - -
7 2 7  . 2 4 3 2 3 5 3 3 2 9 3 1
8 - 1 5 2 4 4 2 - 3 4 4 2
9 - 8 1 6 33 2 0 2 0 -
1 0 - 8 2 1 4 2 3 3 2 0 -
R a n g e  o f 1 0 . 2 5 1 5 , 3 0 2 5 . 4 0 2 0 . 3 5 2 0 . 3 5
R e l a t i v e
d e n s i t y M e d i u m d e n s e M e d i u m d e n s e  t o d e n s e
TABLE 10
Block D. B orehole Nos, 1 - 1 0
B . H .  D e p t h  W a t e r  L i q u i d  P l a s t i c  P l a s t i c i t y  B u l k
N o . m C o n t e n t L i m i t L i m i t I n d e x D e n s i i
K g / m 3
1 1 2 . 5 0 - 1 2 . 9 5 2 9 . 4 8 8 25 6 3 1 9 4 5
1 4 . 0 5 - 1 4 . 5 0 2 6 . 5 7 5 2 6 4 9 1 9 9 0
1 5 . 5 5 - 1 6 . 0 0 2 8 . 9 7 8 2 4 5 4 1 9 7 5
2 8 . 8 0 9 . 2 5 2 7 . 4 7 8 2 3 5 5 1 9 8 5
1 1 . 8 0 - 1 2 . 2 5 3 0 . 3 81 2 6 5 5 1 9 8 0
1 4 . 8 0 - 1 5 . 2 5 2 8 . 0 79 ’  25 5 4 1 9 7 5
3 9 . 3 0 _ 9 . 7 5 2 8 . 0 76 2 7 4 9  " 1 9 7 0
1 3 . 8 0 - 1 4 . 2 5 2 8 . 6 86 3 0 5 6 1 9 3 0
1 7 . 8 0 - 1 8 . 2 5 2 8 . 2 9 6 26 7 0 1 8 8 0
4 1 0 . 0 0 1 0 . 4 5 3 0 , 3 9 1 2 7 6 4 1 9 6 0
1 3 . 0 0 - 1 3 . 4 5 2 8 . 2 8 7 29 5 8 1 8 7 0
1 7 . 5 0 - 1 7 . 9 5 2 5 . 8 9 2 2 8 6 4 1 9 7 0
5 1 2 . 0 0 _ 1 2 . 4 5 2 8 . 0 9 0 2 5 6 5 1 9 7 0
1 5 . 0 0 - 1 5 . 4 5 2 5 . 9 85 2 9 5 6 1 9 3 0
6 1 0 , 2 0 1 0 . 6 5 2 1 . 1 9 0 2 9 6 1 1 9 6 0
1 6 . 3 0 ~ 1 6 . 7 5 2 7 . 5 7 7 2 8 4 9 1 9 9 0
7 1 5 . 0 0 - 1 5 . 4 5 2 8 . 5 85 2 7 5 8 1 9 5 0
8 1 2 . 9 5 _ 1 3 . 4 0 m 9 1 2 7 6 4
1 7 . 5 5 - 1 8 . 0 0 2 7 . 5 '87 3 1 5 6 1 9 2 0
2 6 . 9 5 - 2 7 . 4 0 - 9 3 2 5 6 8 -
9 1 1 . 7 5 1 2 . 2 0 2 6 . 6 81 25 5 6 1 9 5 0
1 6 . 3 0 - 1 6 . 7 5 2 5 . 0 76 2 9 4 7 2 0 3 0
2 0 , 9 0 - 2 1 . 3 5 2 4 . 5 , 76 2 6 5 0 2 0 2 0
1 0 ? 9 . 6 0 _ 1 0 . 0 5 2 8 . 1 9 5 2 6 6 9 2 0 2 0
1 4 . 1 5 - 1 4 . 5 0 2 6 . 0 8 3 2 5 5 8 -
1 8 . 6 0 - 1 9 . 0 5 2 7 . 2 81 2 9 5 2 1 9 3 0
=-~* ^  C om p ressib ility  and Shear S tren g th
BLOCK D
TABLE 11
B.H. Depth C o m p ressib ility  C o e ff ic ie n t of . Shear
No. m Mv C onso lidation S treng th
mm^/kN m2/  year kN/m2
1 12.50 12,95 105 0.25 120
14.05 - 14.50 , 100 0.39 165
15.55 - 16.00 115 0.30 120
2 8. SO-... 9.25 160 0.33 80
IO. 30 - 10. 75 140 0.23 95
11.80 - 12.25 100 0.27 85
13.30 - 13,75 105 0.25 90
14.80 - 15.25 75 0.34 150
16.30 - 16,75 90 0.26 115
3 9.30 9.75 130 0.20 145
12.30 - 12.75 90 0.29 ' 135
15.30 - 15.75 90 0.34 170
4 11.50 11.90 85 0.44 135
- 14.50 - 14.95 80 0.52 145
21.00 - 21.45 55 0.74 150 '
5 10.50 - 10.95 105 0/38 130
12.00 12.45 105 0.30 70
13.50 - 13.95 80 0.30 115
15.00 - 15.45 90 0.31 100
16,50 - 16.95 85 0.24 115
18.00 - 18.45 90 ' 0.33 100
19.50 - 19.95 55 0.30 165
22.5 0 - 22.95 60 0.34 120
25.50 - 25.95 60 0.50 160
28,50 - 28.95 65 0.32 150
6 10.20 _ 10.65 115 0,52 130
13.25 - 13.70 75 0.44 80
19.35 - 19.50 80 0,30 110
7 13.50 _ 13,95 80 0.80 115
18.00 - 18.45 90 0.34 155
25.50 — 25.95 60 0.59 135
8 11.45 11.90 120 0.67 115
16.00 - 16.45 95 0.37 135
9 10.20 - 10.65 85 0.71 100
11.75 - 12.20 115 0.37 100
13.25 — 13.70 75 ' 0.32 90
14.80 - 15.25 100 0.32 100
16,30 - 16,75 75 0.36 135
17.70 - 18.25 65 0.34 110
20.90 - 21,35 60 0.41 310
23.95 - 24.40 45 0.74 180
26.95 - 27.40 70 0.52 250
30.00 - 30.45 70 0.69 310
10 12.50 — 12.95 75 0.21 120
17.05 - 17.50 85 0.32 150
20.10 - 20.55 65 0.29 135
.76.
TABLE 12 BLOCKS B Sc C
PLATE BEARING TESTS CONDUCTED 
BY MARSLAND (B.R.S)
T o ta l s  Nc xS +^H
U lt. B earing
Depth Below G.L. C apacity  ( T / s q . f t . )  . Net U lt. B.C.
A. 37 3 10.2 T / s q . f t .  8.1 T /s q .f t ,
A. 49 ' 8" 13.2 T / s q . f t .  10.5 T /s q .f t ,
A, 641 6" 15,6 T / s q . f t .  12.0 T /s q .f t ,
A. 7 4 'r 6" 18.4 T / s q . f t .  ,14 .3  T /s q .f t ,
B. 351 0” 10.5 T / s q . f t .  8 .6  T /s q .f t ,
B. 41 ' 11" 14.7 T / s q . f t .  10.1 T /s q .f t .
B. 57* 2" 15.7 T / s q . f t .  11.7 T /s q .f t .
PLUG TESTS CONDUCTED 
MARSLAND (B .R ,S .)
A. 76' 9" -  82' 10” 60.5 T (Shear 1.09 T / s q . f t .  )*
B. 79' 2” -  85*' 0" 61 T (Shear 1.15 T / s q . f t . ) *
C. 39* 2” -  45 ’ 8" 56 T (Shear 0.95 T / s q . f t . ) *
* based on diam eter of 35", i t  may be 36".
2 .5 .3  N um erical C a lc u la t io n s
B L O C K S  B AN D  C 
P R E L I M I N A R Y  P I L E  D E S I G N
U l t i m a t e  s h a f t  f r i c t i o n  Q s u  =  0 . 4 5  x  G x  L  x  p
U l t i m a t e  e n d  h e a r i n g  Q p u  =  W x  N c  x  A  x  C b
W h e r e :  L  =  l e n g t h  o f  s h a f t  c o n s i d e r e d  i n  f e e t .
P  =  p e r i m e t e r  o f  s h a f t  i n  f e e t .
A  =  a r e a  o f  b a s e  i n  s q u a r e  f e e t .
N c  =  b e a r i n g  c a p a c i t y  > f a c t o r  =  9 .
C =  a v e r a g e  s h e a r  s t r e n g t h  f o r  l e n g t h  o f  
s h a f t  c o n s i d e r e d  i n  T o n s / s q . f t .
C b  =  s h e a r  s t r e n g t h  a t  b a s e .
W =  r e d u c t i o n  f a c t o r  =  0 . 7 5 .
W o r k i n g  L o a d  =  Q s u  +  Q p u  Q s u  Q p u
    OR -----  +------
2 . 5  1 . 5  3
w h i c h e v e r  g i v e s  t h e  l o w e r  w o r k i n g  l o a d .
F r i c t i o n  i g n o r e d  a b o v e  L o n d o n  c l a y  a n d  f o r  a  s h a f t  l e n g t h  e q u a l  
t o  t w i c e  t h e  b a s e  d i a m e t e r  a b o v e  t h e  b a s e .
D e s i g n  b a s e d  o n  s h e a r  s t r e n g t h  r e s u l t s  f r o m  n i n e t e e n  b o r e h o l e s  
( a s  i n d i c a t e d  o n  d r g  N o .  2 0 5 9 / S / 6 4 ) .
P i l e s  5 0  f t . ,  6 0  f t . ,  a n d  7 0  f t .  l o n g .
T h e  t o p  1 2 1 0 "  h a s  b e e n  i g n o r e d .  M i n i m u m  d e p t h  o f  p i l e s  i n t o  
L o n d o n  c l a y  i s  3 8 1 0 M.
79
2 . 5 , 4  U L T I M A T E  S H A F T  F R I C T I O N  
Q s u  =  0 . 4 5  x  C x  L  x  P .
BLOCKS B fc C PRELIMINARY DESIGN
S h a f t  D i a m e t e r ,  D . 3 0 " 3 6 ” 4 2 "
OO
P  i n  f e e t . 7 . 8 5 ' 9 . 4 2 ' 1 1 . 00' 1 2 . 5 6 '
L B »  L 5 q  -  1 2 '  -  2 D  
=  3 8  -  2 D .
3 3 ' 3 2 ' 3 1 ' 3 0 '
C 19 =  s h e a r  s t r e n g t h  
1  a t  1 2 * 0" . 1.02 1.02 1.02 1.02
CT I  =  s h e a r  s t r e n g t h  
a t  5 0 '  -  2 D .
1 . 7 0 1 . 6 9 1.68 1 . 6 7
C =  a v e r a g e  o f  C -  9 a n d
S o -
1 . 3 6 1 . 3 5 5 1 . 3 5 1 . 3 4 5
Q s u  =  0 . 4 5  x  C x  L b  x  
P . *
T
1 5 8
T
1 8 4
T
2 0 7
T
2 2 8
l 2  ■  L 6 0  -  1 2 ’ -  2 D  
-  4 8  -  2 D .
4 3 ' 4 2 ' 4 1 ' 4 0 '
CT 2  =  s h e a r  s t r e n g t h  
a t  6 0 '  -  2 D .
1 . 9 1.88 1.86 1 . 8 4
C =  a v e r a g e  o f  C -  9 a n d  
6 0 *
1 . 4 6 1 . 4 5 1 . 4 4 1 . 4 3
Q s u  -  0 . 4 5  x  C x  L 2 x  
P .
222T T2 5 9
T
2 9 2
T
3 2 2
L 3 =  L 7 q  -  1 2 '  -  2 D  
*  5 8  -  2 D .
5 3 ' 5 2 ' 5 1 ' 5 0 ’
CT 3  =  s h e a r  s t r e n g t h  
a t  7 0 '  -  2 D .
2 .1 1 2 . 0 9 2 . 0 7 2 . 0 5
C =  a v e r a g e  o f  C 19 a n d  
r
7 0 *
1 . 5 6 1 . 5 5 1 . 5 4 1 . 5 3
Q s u  =  0 . 4 5  x  C x  L 3 x  
P .
2 9 2 T
T
3 4 2
T
3 9 0 4 3 2 T
5 0  f t .  P i l e .
6 0  f t .  P i l e .
70 f t .  P i l e .
BLOCKS B & C PRELIMINARY DESIGN
2 . 5 . 5 . :  U L T I M A T E  E N D '" B E A R  I N G  
Q p u  =  0 . 7 5  x  9  x A x C b .
B a s e  D i a .  ( f t ) A r e a
s q . f t .
Q p u  ( T o n s )  
C b = l . 7 8  T / f t
Q p u  ( T o n s )  9 
C B = 2 . 0  T / f t
Q p u  ( T o n s )  
C b = 2 . 2  T / f t
2 ’ 6" )  
\
4 . 9 5 9 66 7 2
J
3 *  0 " )  S t r a i g h t
........... . A - -
7 . 0 6 8 5 9 5 1 0 4
/
3 ! 6" )  S h a f t s
.................  .)
9 . 6  ' 1 1 5 1 2 8 1 4 0
4 ’ 0 " ) 12.6 1 5 1 1 7 0 1 8 6
5 f 0" . 1 9 . 6 2 3 5 2 6 4 2 9 0
5 T 6" 2 3 . 8 2 8 5 3 2 1 3 5 2
6 T 0" 2 8 , .  3 3 4 0 3 8 2 4 1 8
6 ’ 6" 3 3 . 2 3 9 8 4 4 8 4 9 1
7 » 0 .» 3 8 . 5 4 6 1 5 2 0 5 7 0
7 ’ 6" 4 4 . 2  ’f 5 3 0 5 9 6 6 5 4
8’ 0" 5 0 . 3 6 0 4 6 8 0 7 4 5
8 f 6,! 5 6 . 8 6 8 0 7 6 6 8 4 0
9 t o " 6 3 . 6 7 6 2 8 6 0 9 4 0
9 ’ 6” 7 0 . 9 8 5 0 9 5 6 1 0 5 0
ooi—
i , 7 8 . 5 9 4 2 1 0 6 0 1 1 6 0
toot-l 86.6 1 0 4 0 1 1 7 0 1 2 8 0
o7-4i—1 9 5 . 0 1 1 4 0 1 2 8 0 1 4 0 0
1 1 ’ 6" 1 0 3 . 9 1 2 5 0 1 4 0 0 1 5 4 0
12 ’ 6" 1 1 3 . 1 1 3 5 0 1 5 2 0 1 6 7 0
B L O C K S '" b  & C P R E L I M I N A R Y  D E S I G N
2 . 5 . 6 .  P I L E  W O R K IN G  L O A D S  ( 5 0 * ~ 0 ' "  P I L E ) T
Q s u  +  Q p u  Q s u  Q p u
------------------------ O R  --------  + ----------
2 . 5  1 . 5  3
S h a f t  d i a .  
( i n c h e s )
B a s e  d i a .  
( f e e t )
D e s i g n  L o a d  ( l e a s t  v a l u e )  
T O N S  T O N S
3 6 " - 1 0 7 1 5 1
3 0 " 5 ’ 0 " 1 5 7 ' 1 8 3
3 0 " 5 ’ 6" 1 7 7 200
3 0 " 6 1 0" 1 9 9 2 1 8
3 0 " 6 * 6" 222 2 3 8
3 0 " 7*  0 " 2 4 7 2 5 9
3 0 " 7 T 6" 2 7 5 2 8 2
3 6 " 8 '  0" 3 1 5 3 2 4
3 6 " 8’ 6" 3 4 5 3 4 9
3 6 " 9 1 0" 3 7 8 3 7 6
3 6 " 9 » 6 " 4 ,1 3 4 0 6
. 4 2 " 9 * 6 f 4 2 2 4 2 1
4 2 " h-
4 
O o 4 5 9 4 5 2
4 2 " 10 '  6" 4 9 8 4 8 4
4 8 " 1 1 * 0" 5 4 7 5 3 2
4 8 " 1 2 '  0" 6 3 1 6 0 2
B L O C K S  B  & - C  P R E L I M I N A R Y  D E S I G N
2 . 5 . 7 .  P I L E  W O R K IN G  L O A D S  ( 6 0 '  0 "  P I L E ) .
S h a f t  d i a .  
( i n c h e s )
B a s e  d i a .  
( f e e t )
D e s i g n  L o a d ,  ( l e a s t  v a l u e )  
T O N S  T O N S
3 0 " 5 » 0 *i 1 9 4 2 3 6
3 0 " 5 '  6" 2 1 7 2 5 5
3 0 " 6 1 6" 2 6 8 . 2 9 7
3 0 " 71 0 n 2 9 6 3 2 1
3 0 " 7 f 6" 3 2 7 3 4 6
3 6 " 8 '  0" 3 7 5 3 9 9
3 6 " 8 '  6" 4 1 0 4 2 8
4 2 " 9 '  6" 4 9 9 - 5 1 3
4 2 " 1 1 T 6" 688 6 8 1
BLOCKS B 8c C PRELIMINARY DESIGN
2 .5 ,8 , PILE WORKING LOADS (70*- 0" PILE),
S h a f t  d i a .  
( i n c h e s )
B a s e  d i a .  
( f e e t )
D e s i g n  L o a d ,  ( l e a s t  v a l u e )  
T O N S  . T O N S
4 2 " - 212 3 0 6
4 8 " j 2 4 7 3 5 0
3 6 " 7 *  0" 3 6 4 4 1 8
3 6 " 8 ’ 0" 4 3 4 4 7 6
3 6 " 8’ 6" 4 7 2 5 0 8
4 2 " 6 ’ 6" 3 5 2 4 2 3
4 2 " 9 ’ 6" 5 7 6 6 1 0
4 2 " 10 ’ 0" 6 2 0 6 4 6
4 2 " 10 ’ 6" 668 686
4 8 " 1 1 ’ 0" 7 3 2 7 5 4
4 8 " 1 1 ’ 6" 7 8 8 8 0 1
4 8 " 1 2 ’ 0" 8 4 0 8 4 4
VICTORIA STREET DEVELOPMENT BLOCKS B&C I fig. 5
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VICTORIA STREET DEVELOPMENT BLOCKS B&C


VICTORIA STREET DEVELOPMENT BLOCKS B. & C. fig. 9
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C O H E S I O N  R E S U L T S  O B T A I N E D  D U R IN G  P I L I N G
VICTORIA STREET DEVELOPMENT BLOCK D fig. 10
Technical Specifications Type P -1 0 0  Pressure Cell.
Type P-100 membrane:
Maximum diameter: 94 mm (3s/* in.)
Active diameter: 75 mm (3 in.)
Diameter/deflection ratio: £ 1000
Standard pressure ranges: 0-2,5; 0-5; 0- 10; 0-15; 0-25 kg/cm1
Material: Stainless steel
Sensitivity: / 1f*/l000 ^ 2000 sec-1 at Pmax
where: Jf* = change in square of frequency of vibration 
of the gauge-wire 
Pmax = maximum design pressure 
Reading accuracy: ± 0.15% of Pmax
Housing:
The shape and size of the P-100 housing depends on the nature of the installations. The 
housing is generally manufactured of mild steel; the minimum thickness available is approxi­
mately 25 mm.
Lead-wires:
100 ft of shielded cable supplied with each gauge. Longer lengths available at slight addi­
tional cost.
Calibration:
A calibration report is supplied with each gauge.
Inquiries:
State type of installation, pressure range, and whether total pressures and/or pore pressures 
are to be measured.
On many engineering projects in Norway the P-100 pressure cell has been mounted on piles 
that were subsequently driven into the ground. Generally a 3 ton drop hammer and a free 
fall of 50 cm has been used. Although the cells have performed most satisfactorily under 
these local conditions, GEONOR can not guarantee that the cells will withstand piledriving 
in all types of soil and with all types of piledriving equipment.
VICTORIA STREET DEVELOPMENT BLOCKS B,C &D fig 11
The output of a vihrating-wire gauge or transducer is an alternating current 
which has the same frequency as the frequency of vibration of the 
gauge-wire. Thus the only measurement that is required is to determine the 
frequency of this alternating current. Once the frequency is known, the 
magnitude of the physical quantity that is being measured, such as force, 
stress, or pressure, is obtained from the gaugc-wire frequency by means of a 
gauge-constant or other calibration data.
The GEONOR P-520 Read-Out Instrument consists of a GEONOR trans- 
ducer-amplifier and a (Eldorado model 225) digital frequency meter. The 
transducer-amplifier is employed to raise the level of the output signal from 
the gauge and it also contains the feedback circuit used to maintain the 
gauge-wire in oscillation at its natural frequency of vibration so that a 
continuous output signal is obtained from the gauge.
When used with vibrating-wirc instruments, the P-520 Read-Out Unit 
automatically measures and displays in digital form the lrcqucncy of the 
gauge-wire in cycles per second; after a short display interval, the 
measurements are automatically repeated as long as the instrument is 
connected to a gauge. The operation of the instrument is extremely simple 
and rapid since no adjustment or tuning ol the instrument is necessary 
during the measurements.
VICTORIA STREET DEVELOPMENT BLOCKS B.C&D fig. 12.
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CHAPTER I I I
3.1 BLOCKS. B AND C, PINAL PILE DESIGN
3 . 1 . 1  P i l e s  a t  2 n d  B a s e m e n t L e v e l
T h e  f i n a l  p i l e  d e s ig n  w as c o m p l e t e ly  c h a n g e d  f o l l o w i n g  t h e  p i l e  t e s t s .  
T h e  r e d e s ig n  a t  t h i s  l a t e  s t a g e  o f  t h e  j o b , j u s t  b e f o r e  t h e  com m ence­
m e n t o f  t h e  m a in  p i l i n g  o n  s i t e ,  l e f t  l i t t l e  t im e  f o r  m uch r e f in e m e n t
2
o f  c a l c u l a t i o n ,  so  t h e  w e ig h t  o f  t h e  4 . 9  m d e e p  o v e r b u r d e n  ( 9 8  k N /m  )  
w as n o t  t a k e n  i n t o  a c c o u n t  w hen  c o n s i d e r i n g  t h e  n e t  lo a d  o n  t h e  p i l e s  
a t  2 n d  b a s e m e n t l e v e l .  I t  w as c o n s id e r e d  to o  d i f f i c u l t  an d  t o o  t im e  
c o n s u m in g  t o  s h a r e  o u t  t h i s  r e l i e f  o f  lo a d  t o  t h e  i r r e g u l a r l y  s p a c e d  
p i l e s .  H o w e v e r ,  t h e  w e ig h t  o f  t h e  2 n d  b a s e m e n t s l a b  w as assu m ed  t o  
b e  t r a n s f e r r e d  d u r in g  c o n s t r u c t i o n ,  d i r e c t l y  t o  t h e  g r a v e l  s t r a t u m  
a t  f o r m a t i o n  l e v e l  a n d  w as n o t  i n c lu d e d  i n  t h e  p i l e  l o a d i n g .
T h e  w o r k in g  p i l e s  w e re  a l l  s t r a i g h t - s h a f t e d ,  n o t  u n d e r - r e a m e d ,  as  i n  
t h e  o r i g i n a l  p r e l i m i n a r y  p i l i n g  s c h e m e , b u t  w e r e  d e s i g n e d ' t o  h a v e  t h e  
sam e lo a d  c a r r y i n g  c a p a c i t y .  T h i s  g a v e  a  l a r g e  r e d u c t i o n  i n  t h e  
c o n t r a c t  t im e  f o r  t h e  i n s t a l l a t i o n  o f  t h e  p i l e s ,  r e s u l t i n g  i n  a  
c o r r e s p o n d in g  s a v in g  i n  c o s t ,  w i t h o u t  t h e  n e c e s s i t y  o f  e f f e c t i n g  
f u r t h e r  e c o n o m ie s ,  b y  t a k i n g  i n t o  a c c o u n t  t h e  o v e r b u r d e n  r e l i e f .
T h e  p i l i n g  r i g  w as  a b l e  t o  i n s t a l l  s i x  t o  e i g h t  s t r a i g h t - s h a f t e d  p i l e s  
p e r  d a y ,  c o m p a re d  w i t h  a  m axim um  d a i l y  r a t e  o f  t h r e e  f o r  t h e  u n d e r -  
b rea m e d  - ty p e .  .T h is  . lo n g e r  i n s t a l l a t i o n  t im e  f o r  e a c h  u n d e r - r e a m e d  p i l e  
w as p r i m a r i l y  d u e  t o  t h e  n e c e s s i t y  o f  c l e a n i n g  o u t  t h e  b o t to m  o f  t h e  
b e l l e d  b a s e  b y  h a n d ,  f o l l o w e d  b y  a  c a r e f u l  i n s p e c t i o n .  I n  c o n t r a s t ,  
t h e  b o t to m  o f  a  s t r a i g h t - s h a f t e d  p i l e  c o u ld  b e  c le a n e d  w i t h  a  r i g  
m o u n te d  cru m b  t r a y .
A l s o ,  s t r a i g h t - s h a f t e d * p i l e s  c a r r y  t h e i r  lo a d  w i t h  l e s s  s e t t l e m e n t ,  t h a n  
u n d e r - r e a m e d  e n d  b e a r i n g  p i l e s  w h ic h  i s  a n  a d v a n ta g e ,  w h e n  a t t e m p t in g  
t o  m in im is e  d i f f e r e n t i a l  s e t t l e m e n t .  I n  a l l  c a s e s ,  t h e  T e s t  P i l e s  
a t t a i n e d  t h e i r  d e s ig n  s k i n  f r i c t i o n  l o a d s ,  a t  l e s s  t h a n  5 mm s e t t l e m e n t .
T h e  f i n a l  schem e c o n s i s t e d  o f  p i l e s  r a n g in g  i n  l e n g t h  f r o m  14  t o  2 2  m 
an d  w i t h  d ia m e t e r s  v a r y in g  b e tw e e n  0 , 6 1 5  an d  0 , 9 2  m. T h e  a v e r a g e
w e re  u s e d  as  t h e  u l t i m a t e  d e s ig n  v a lu e s  f o r  t h e  s k i n  f r i c t i o n  i n  t h e
2
c l a y  a n d  g r a v e l .  T h e s e  w e re  1 6 7  a n d  7 2  kN /m  r e s p e c t i v e l y .  (S e e  F i g s ,
2 2 ,  2 3 ,  a n d  2 4 . )
T h e  r e s u l t s  o f  t h e  p l a t e  b e a r i n g  t e s t s  w e re  u s e d  as t h e  u l t i m a t e
. 2
d e s ig n  v a lu e  f o r  e n d  b e a r i n g .  T h e s e  v a r i e d  f r o m  10  t o  2 0  t o n s / f t  
w i t h  i n c r e a s i n g  d e p t h .  T h e  f a c t o r s  o f  s a f e t y  w e re  a s  i n  t h e  p r e l i m i n a r y  
d e s ig n ;  t h e  l e s s e r  o f  2 . 0  o n  s k i n  f r i c t i o n  an d  3 . 0  o n  t h e  e n d  b e a r i n g  
o r  2 . 5  o n  c o m b in e d  l o a d i n g .  (S e e  F i g .  1 4 ) .
B e c a u s e  no s o f t e n i n g  f a c t o r  w as a l lo w e d  f o r ,  i t  w as e s s e n t i a l  t h a t  t h e  
s u b - c o n t r a c t o r  ( F r a n k i p i l e  L t d . )  c o n c r e t e d  e a c h  p i l e  s o o n  a f t e r  a u g e r in g  
an d  n e v e r  t o  l e a v e  a  b o r e  h o l e  i n  t h e  c l a y ,  u n c o n c r e t e d  o v e r  n i g h t .
T h i s  w as t h e i r  u s u a l  p r a c t i c e ,  a n d  t h e  s p e e d  o f  a u g e r in g  w as s u c h  t h a t  
s i x  p i l e s  o r  m o re  p e r  d a y  w e re  c o m p le t e d .  T h e  i n t e r v a l  b e tw e e n  t h e  
com m en cem en t o f  a u g e r in g  i n  t h e  c l a y  a n d  f i n a l  c o n c r e t i n g  w as u s u a l l y  
o n l y  o n e  an d  a  h a l f  h o u r s .
B e c a u s e  o f  t h e  e x c e l l e n t  t e s t  p i l e  r e s u l t s ,  a l l  b u t  t h e  h e a v i e s t  
c o lu m n  lo a d s  c o u ld  b e  c a r r i e d  b y  a  s i n g l e  p i l e .
3 . 1 . 2  B lo c k  C , 3 r d  B a s e m e n t ( F i g s .  26  an d  2 7 )
I n  B lo c k  C , u n d e r  t h e  h ig h e s t  p a r t  o f  t h e  b u i l d i n g ,  a  l i m i t e d  a r e a  w as  
e x c a v a t e d  t o  a  d e e p e r  l e v e l ,  t o  fo r m  a 3 r d  b a s e m e n t .  T h is  a r e a  h a d
2
t h e  . h ig h e s t  ,g r o s s  . . lo a d in g  o f  t h e  .b u i ld i n g , . ( b e t w e e n  2 , 1 8  an d  2.68  t o n s / f t  )
b u t ,  b e c a u s e  o f  t h e  a d d i t i o n a l  o v e r b u r d e n  r e l i e f ,  i t  a l s o  h a s  some o f  t h e
2
lo w e s t  n e t  l o a d in g s  ( b e t w e e n  . 2 5  a n d  . 7 5  t o n s / f t  ) .  T h e  g r e a t e r  d e p t h  
a ls o  m e a n t t h a t  t h e  3 r d  b a s e m e n t d e s c e n d e d  i n t o  t h e  L o n d o n  C la y  ( s e e  
F i g s .  4  a n d  1 5 ) .
, 2
T h e  e f f e c t i v e  o v e r b u r d e n  p r e s s u r e  Po a t  a b o u t  2 t o n s / f t  w as w e l l
b e lo w  t h e  c r i t i c a l  d i r e c t  s t r e s s  i n  t h e  c l a y ,  P ' c ,  w h ic h  w as a b o u t  
2
7 . 5  t o n s / f t  . A  r a f t  f o u n d a t i o n  w o u ld  t h e r e f o r e  s a f e l y  s u p p o r t  t h e  
lo w  n e t  l o a d i n g  w h ic h  w o u ld  b e  a p p l i e d  w i t h  t h e  u s u a l  m a g n itu d e  o f  
c o n s o l i d a t i o n  s e t t l e m e n t  t o  b e  e x p e c t e d  w i t h  t h i s  t y p e  o f  f o u n d a t i o n .
H o w e v e r ,  t h i s  w o u ld  b e  m uch g r e a t e r  t h a n  t h e  s e t t l e m e n t  o f  th e  a d j a c e n t  
p i l e d  f o u n d a t io n s  a t  2n d  b a s e m e n t l e v e l ,  g i v i n g  u n a c c e p t a b le  d i f f e r e n t i a l
values of sk in  f r i c t i o n  shown by the  s t r a i n  gauges in  the  T es t  P i le s
s e t t l e m e n t s .  I t  w a s , t h e r e f o r e ,  p r o p o s e d  t o  p r o v i d e  a  c o m b in e d  r a f t /  
p i l e  f o u n d a t i o n  w h ic h  w o u ld  r e s u l t  i n  a  s m a l l e r  s e t t l e m e n t  c o m p a t ib le  
w i t h  th o s e  i n  t h e  r e s t  o f  th e  b u i l d i n g .  W it h  t h i s  d e s ig n ,  a l l  t h e  
p i l e  b o t to m s ,  w h e t h e r  b e lo w  t h e  s e c o n d  o r  t h i r d  b a s e m e n t ,  w e re  t o  b e  
fo u n d e d  a t  t h e  sam e l e v e l  i n  t h e  c l a y .  T h e  l e n g t h  v a r i a t i o n s  w e re  
t o  o c c u r  a t  t h e  t o p  o f  t h e  p i l e s ,  i . e .  i n  d i f f e r e n t  c u t  o f f  l e v e l s .  
T h i s  w as t o  p ro d u c e  s i m i l a r  s e t t l e m e n t  c h a r a c t e r i s t i c s  f o r  t h e  p i l e s  
u n d e r  t h e  d i f f e r e n t  b a s e m e n ts .
A t  a  d is c u s s io n  w i t h  t h e  W e s t m in s t e r  D i s t r i c t  S u r v e y o r ,  t h e  f o l l o w i n g  
p o i n t s  w e re  a g r e e d  a n d  a r e  q u o te d  f r o m  a  l e t t e r  c o n f i n n i n g  t h e  d e s ig n  
c r i t e r i a  t o  b e  a d o p te d :
X ) T h e  n e t  lo a d  f r o m  t h e  c o lu m n s  i n  t h e  3 r d  b a s e m e n t ,  w h e n  re d u c e d
b y  t h e  w e ig h t  o f  t h e  - o v e r - b u r d e n  t o  b e  e x c a v a t e d ,  g iv e s  a  v a lu e  o f  
l e s s  t h a n  ^ t o n  p e r  s q .  f t .  o n  t h e  u n d e r s id e  o f  t h e  r a f t .  T h e  p r i n c i p a l  
p u r p o s e  o f  p i l i n g  t h e  3 r d  b a s e m e n t ,  t h e r e f o r e ,  i s  t o  b a la n c e  t h e  
s e t t l e m e n t  f r o m  i t  w i t h  t h a t  o f  t h e  s u r r o u n d in g  2nd  b a s e m e n t s t r u c t u r e .  
T h e  p i l e s  f o r  t h e  3 r d  b a s e m e n t  a r e  to h a v e  t h e i r  b a s e s  a t  t h e  sam e l e v e l  
as  th o s e  i n  t h e  2n d  b a s e m e n t .
2 )  T h e  t o t a l  lo a d  f o r  w h ic h  t h e s e  p i l e s  a r e  t o  b e  d e s ig n e d  i s  t h e  
sam e as  t h e  c o lu m n  lo a d s  p lu s  t h e  w e ig h t  o f  t h e  5 f t .  t h i c k  r a f t  a c t i n g  
d o w n w a rd s , r e l i e v e d  b y  t h e  w e ig h t  o f  t h e  o v e r - b u r d e n  f r o m  t h e  3 r d  
b a s e m e n t o n l y ,
3 )  T h e  p i l e s  i n  t h e  3 r d  b a s e m e n t ( w h ic h  a r e  a l l  i n  c l a y ) ,  a ie  t o  b e
d e s ig n e d  w i t h  a  f a c t o r  o f  s a f e t y  o f  2 . 5  o n  t h e  sum o f  t h e  s h a f t  f r i c t i o n  
o f  1 . 5 6  to n s  p e r  s q .  f t ,  a n d  t h e  a p p r o p r i a t e  e n d  b e a r i n g  d e t e r m in e d  f r o m  
t h e  n e t  v a lu e s  o f  t h e  p l a t e  t e s t s .
4 )  I t  i s  d e s i r a b l e  t o  p la c e  t h e  p i l e s  d i r e c t l y  u n d e r  t h e  c o lu m n s  an d
w a l l s  so  t h a t  t h e  b e n d in g  s t r e s s e s  i n  t h e  r a f t  w i l l  b e  k e p t  t o  a
m in im u m . T h i s ,  h o w e v e r ,  p r o d u c e s  a n  e c c e n t r i c i t y  b e tw e e n  t h e  lo a d s  
a c t i n g  dow n f r o m  t h e  c o lu m n  p lu s  r a f t  an d  t h e  p i l e s  p lu s  o v e r - b u r d e n  
r e l i e f .  B e c a u s e  t h e  e c c e n t r i c i t y  i s  s m a l l  an d  t h e  n e t  lo a d  p e r  s q u a r e  
f o o t  i s  s m a l l ,  i t  i s  a g r e e d  t h a t  t h i s  e c c e n t r i c i t y  w i l l  h a v e  o n l y  a  
m in o r  e f f e c t .
5 )  I n  B lo c k  B ,  t h e  s i x  p i l e s  u n d e r  t h e  l i f t  p i t  a n d  w ho se c u t  o f f
l e v e l s  a r e  10 f t .  b e lo w  t h e  s u r r o u n d in g  p i l e s  s h a l l  h a v e  t h e i r  b a s e s  
fo u n d e d  a t  t h e  sam e l e v e l  as t h o s e  a d j a c e n t .  T h e s e  s i x  p i l e s  s h a l l
b e  d e s ig n e d  o n  a  f a c t o r  o f  s a f e t y  o f  2 . 5  as i n  ( 3 )  a b o v e ,  b e c a u s e  t h e i r  
s h a f t s  a r e  w h o l ly  i n  t h e  c l a y .  We a ls o  w is h  t o  c o n f i r m  t h e  c r i t e r i a
f o r  t h e  d e s ig n  o f  t h e  r e m a in d e r  o f  t h e  p i l e s  o n  t h e  j o b .
6 )  A l l  t h e  p i l e s  a r e  now  s t r a i g h t - s h a f t e d  a n d , as  s u c h ,  w i l l  c a r r y  
t h e  m a j o r i t y  o f  t h e i r  lo a d  i n  s h a f t  f r i c t i o n .  T h e  s a f e t y  f a c t o r  o f  
t h e  p i l e s  w h ic h  h a v e  a c u t  o f f  l e v e l  a t  t h e  u n d e r s id e  o f  t h e  1 s t  o r  
2nd  b a s e m e n t ,  i s  t o  b e  2 ,  b a s e d  o n  t h e  r e s u l t s  o f  ' t h e .  f u l l  s c a l e  p i l e  
t e s t s ,  a n d  t h e  e n d  b e a r i n g  v a lu e s  a r e  t o  h a v e  a  f a c t o r  o f  s a f e t y  o f  
3 ,  b a s e d  o n  t h e  r e s u l t s  o f  t h e  p l a t e  t e s t s .
7 )  T h e  w e ig h t  o f  t h e  S e c o n d  B a s e m e n t s l a b  an d  im p o s e d  lo a d  i s  
t r a n s f e r r e d  d u r in g  c o n s t r u c t i o n  d i r e c t l y  t o  t h e  g r a v e l  s t r a t a  a t  
f o r m a t i o n  l e v e l  a n d  i s  n o t  in c lu d e d  i n  t h e  p i l e  l o a d i n g ,
3 . 2  N u m e r ic a l  C a l c u l a t i o n  
B lo c k s  B a n d  C
3 . 2 , 1  F i n a l  D e s ig n  o f  W o r k in g  P i l e s
T h e  v a lu e s  u s e d  i n  t h e  f i n a T  d e s ig n  w e re  b a s e d  o n  t h e  r e s u l t s  o f  
t e s t s  c o n d u c te d  b y  A , M a r s la n d  o f  t h e  B . R . S . ,  a n d  M e s s r s .  F r a n k i p i l e  
L i m i t e d  i n  O c t o b e r ,  1 9 7 1 ,  T h e  r e s u l t s  o f  t h e s e  t e s t s  a r e  r e p r e s e n t e d  
b y  g ra p h s  i n  F i g .  2 2 ,  2 3  a n d  2 4 ,  a n d  T a b le  N o . 1 2 .
Sum m ary o f  V a lu e s  a d o p te d :
a )  S k i n  F r i c t i o n  i n  G r a v e l  -  0 . 6 6 7  T / s q , f t .
' b )  S k i n  F r i c t i o n  i n  C l a y  -  1 . 5 6  T / s q . f t .
c )  E n d  B e a r in g  i n  C l a y  -  t h e  a p p r o p r i a t e  n e t  v a lu e s
i n d i c a t e d  o n  g r a p h
S um m ary o f  F a c t o r s  o f  S a f e t y  a d o p te d :  (S e e  l e t t e r  o f  8 , 3 , 7 2 )
a )  P i l e s  f r o m  F i r s t  a n d  S e c o n d  B a s e m e n ts  -  f o r  t h e s e  p i l e s  
a  f a c t o r  o f  s a f e t y  o n  t h e  s k i n  f r i c t i o n  o f  2,  a n d  o n  
t h e  e n d  b e a r i n g  o f  3  h a s  b e e n  u s e d ,
b )  P i l e s  f r o m  T h i r d  B a s e m e n t -  f o r  t h e s e  p i l e s ,  a  f a c t o r  
o f  s a f e t y  o f  2 . 5  f o r  t h e  s k i n  f r i c t i o n  a n d  e n d  b e a r i n g  
h a s  b e e n  u s e d .
G e n e r a l :
a )  T h e  s e l f  w e ig h t  o f  t h e  S e c o n d  B a s e m e n t s l a b  h a s  b e e n  
assu m ed  t o  b e  c a r r i e d  b y  t h e  g r a v e l ,
b )  I n  t h e  d e s ig n  o f  t h e  T h i r d  B a s e m e n t f o u n d a t i o n s ,  a n  
o v e r - b u r d e n  r e l i e f  o f  a p p r o x i m a t e l y  22 f t .  h a s  b e e n  
c o n s id e r e d .
oo
E n d  B e a r in g  V a lu e s  -  f r o m  2 n d  B a s e m e n t
2 4 "  d i a .  P i l e  A r e a  =  ' | f  x  1 . 0 0 2 =  3 . 1 4 2  f t . 2
3 0 "  d i a .  P i l e  A r e a  =  "IT x  1 ' .2 5 2 =  4 . 9 0 9  f t . 2
3 6 "  d i a .  P i l e  A r e a  =  T f  x  i . 5 0 2 =  7 . 0 7  f t . 2
F in a l  Design of Working P i le s
P i l e
L e n g th  ( f t )
S o i l  V a lu e  
T / F  )
2 1 d i a .  U l t .  
C a p a c i t y  ( T o n s )
2 . 5 0 ’ d i a .  U l t .  
C a p a c i t y  ( T o n s )
3 ’ d i a .  U l t .  
C a p . ( T o n s )
50 1 3 . 0 0 4 0 . 8 5 6 3 . 8 2 9 1 .9 1
60 1 4 .5 0 4 5 . 5 6 7 1 . 1 8 1 0 2 . 5 2
70 1 6 . 0 0 5 0 . 2 7 7 8 . 5 4 1 1 3 .1 2
S k in  F r i c t i o n  V a lu e s  i n  C la y  -  f r o m  2 n d  B a s e m e n t
2 4 "  d i a .  = T T  x  2 . 0 0  x  1 . 5 6  =  9 . 8 0  T / f t .  d e p th
3 0 "  d i a .  =  1T  x  2 . 5 0  x  1 . 5 6  =  1 2 . 2 5  T / f t .  d e p th
3 6 "  d i a .  =  T f  x  3 . 0 0  x  1 . 5 6  =  1 4 . 7 1  T / f t .  d e p th
P i l e  L e n g th  
i n  C la y  .
P i l e  V a l u e s .  U l t .  ( T o n s )
2 4 "  d i a . 3 0 "  d i a . 3 6 "  d i a .
3 5  f t . 3 4 3 4 2 9 5 1 5
4 5  f t . 4 4 1 5 5 1 6 6 2
5 5  f t . 5 3 9 6 7 4 8 0 9
S k in  F r i c t i o n  V a lu e s  i n  G r a v e l  -  f r o m  2n d  B a s e m e n t
2 4 " d i a .  P i l e  =  TT X 2.00 X 15 X 0 . 6 6 7  =  6 2 .8 0 T o n s ( u l t )
3 0 " d i a .  P i l e  =  T f X 2 . 5 0 X 15 X 0 . 6 6 7  =  7 8 .6 0 T on s ( u l t )
3 6 " d i a .  P i l e  =  T f X 3.00 X 15 X 0 . 6 6 7  =  9 4 .3 0 T o n s ( u l t )
S h a f t  C a p a c i t y  o f  P i l e s
T h e s e  a r e  b a s e d  o n  a n  u n r e i n f o r c e d  c o n c r e t e  s e c t i o n  u s in g  a  
c o n c r e t e  m ix  o f  4 , 5 0 0  l b / s q . i n .  ( d e s i g n )  a t  28  d a y s .
2 4 "  d i a .  P i l e  =  3 . 1 4 2  x  1 2 3 6  x  1 4 4 /2 2 4 0  =  2 5 0  Ton s
3 0 "  d i a .  P i l e  = 4 . 9 0 9  x  1 2 3 6  x  1 4 4 /2 2 4 0  =  3 9 0  Ton s
3 6 "  d i a .  P i l e  = 7 . 0 7  x  1 2 3 6  x  1 4 4 /2 2 4 0  =  5 6 2  Tons
3 .2 .3 .  BLOCKS B 80 C
F IN A L  D E S IG N  OF WORKING P IL E S
E n d  B e a r in g  V a lu e s  -  f ro m  1 s t  B a s e m e n t  
A r e a s  a s  f o r  2 n d  B a s e m e n t -
P i l e
L e n g th  ( f t )
S o i l  -  
V a lu e  ( T / F  )
2 ’ d i a .  U l t .  
C a p a c i t y  ( T o n s )
2 . 5 0 '  d i a .  U l t  
C a p a c i t y  (T o n s )
3 '  d i a .  U l t  
C a p . ( T o n s )
50 1 0 . 5 0 3 2 . 9 9 5 1 . 5 4 7 4 . 2 4
60 12.00 3 7 . 4 9 5 8 .9 1 8 4 . 8 4
70 1 3 .5 0 4 2 . 4 2 6 6 .2 7 9 5 . 4 5
S k in  F r i c t i o n  V a lu e s  i n  C la y  -  f r o m  1 s t  B a s e m e n t  
V a lu e s  f o r  f t / d e p t h  a s  f o r  2 n d  B a s e m e n t -
| P i l e  L e n g th  
| i n  C la y
P i l e  V a l u e s .  U l t .  ( T o n s )
2 4 "  d i a . 3 0 "  d i a . 3 6 ” d i a .
20 ( 5 0 *  P i l e ) 1 9 6 2 4 5 2 9 4
3 0  ( 6 0 1 P i l e ) 2 9 4 3 6 8 4 4 1
4 0  ( 7 0 f P i l e )
I
3 9 2 4 9 0 5 8 8
S k in  F r i c t i o n  V a lu e s  i n  G r a v e l  -  f r o m  1 s t  B a s e m e n t
2 4 " d i a .  P i l e  =  TT X 2.00 X 3 0 X 0 . 6 6 7 *  1 2 5 ,7 4 T o n s
3 0 " d i a .  P i l e  =  TT X 2 . 5 0 X 3 0 X 0 . 6 6 7 = 1 5 7 .1 8 T o n s
3 6 " d i a .  P i l e  =  T f X 3.00 X 3 0 X 0 . 6 6 7 «  1 8 8 .6 1 T o n s
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F IN A L  D E S IG N  OF WORKING P IL E S
E n d  B e a r in g  V a lu e s  -  f r o m  3 r d  B a s e m e n t  
A r e a s  as f r o m  2 n d  B a s e m e n t -
3 .2 .4 .  BLOOKS B fc'C
P i l e
L e n g t h  ( f t )
S o i l^ V a lu e s  
( T / F  )
2 ’ d i a .  U l t .  
C a p a c i t y  (T o n s )
2 . 5 0 '  d i a .  U l t .  
C a p a c i t y  (T o n s )
3 T d i a .  U l t .  
C a p a c i t y  (T o n s )
45 1 4 .5 0 4 5 . 5 6 7 1 .1 8 1 0 2 .5 2
50 1 5 .2 5 4 7 .9 2 7 4 . 8 6 ’ 1 0 7 .8 2
55 1 6 . 0 0 5 0 . 2 7 7 8 .5 4 1 1 3 .1 2
S k in  F r i c t i o n  V a lu e s  i n  C la y  -  f r o m  3 r d  B a s e m e n t  
V a lu e s  o f  f t / d e p t h  as f r o m  2 n d  B a s e m e n t -  _
P i l e  L e n g t h  
i n  C la y
P i l e  V a lu e s  U l t .  (T o n s
2 4 "  d i a . 3 0 "  d i a . 3 6 "  d i a .
45  f t . 4 4 1 5 5 1 6 6 2
5 0  f t . 4 9 0 6 1 3 73 6
5 5  f t . 5 3 9 6 7 4 809
3 .2 .5 ,  BLOCKS B & C 91.
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3 .2 .6 .  BLOCKS B & C
P
il
e
 
W
o
rk
in
g
 
Lo
ad
 
(T
o
n
s
)
21
7
26
7
27
5
33
9
40
3
33
5
41
2
48
9
60
fi•H
P * ^rcd 60
cu a
PQ *H
A r t m «p r t vO ip r t COra  p rH rH CM CM CM CO CO CO0 o
w is
.
p _
rH -•
-c
60
fl rH MO r t Ip at CM CO CO•H r t r t vo fc fc cn o IpP rP rP
r t  cd
fl d)
w pq
r t
cd
o
flO 60
•H S co CM r t in fc r t CO rHP o  * m in rP fc O fc in
O rid CM CM CM CO co CO co r t•H P
P o
FP 13
fl
-
•P .
P
fl rH
O Ed
•H CO 1—1 cn rH r t m CM cnP  • r t r t CM m fc rH vO oy  >■> co r t r t m vo m VO CO♦H cd
P tP
Fh O
fl p \•P rH
flo •• p Ip
P  Q>
H & CO . CO cn OV cn r t r t r t•P cd M3 tO r ' fc fc cn cn cnH H
Fh O
« , . , , ,
rfl P p p p P p p pP 4-1 tp ip mh m MH MH MHCU 60
rP fl O o o o o O O O•P CD m vO in vO fc tn VO fcCP PI
<U •
rH Cd
•P *p — — —
CP AJ r t o . vbCM CO CO
a)
MH
cd
co
mh
o
co
P
o
p
y
cd
fL
SU
M
M
AR
Y 
OF
 
PI
LE
 
LO
AD
S 
- 
FR
OM
 
2N
D 
BA
SE
M
EN
T 
- 
W
O
RK
IN
G
 
P
IL
E
S
3 .2 .7 .  BLOCKS B & C
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3.3 Instrum en ta tion  of Blocks B and C
3 . 3 . 1  I n s t a l l a t i o n  o f  g a u g e s  a n d  s o i l  c e l l s
A s m e n t io n e d  i n  C h a p t e r  I ,  t h r o u g h o u t  t h e  w h o le  j o b  t h e r e  i s  a  
c o n s i d e r a b l e  v a r i a t i o n  i n  l o a d i n g  p a t t e r n  i n  b o t h  n e t  a n d  g ro s s  
l o a d s .  G e n e r a l l y ,  u n d e r  t h e  h e a v i e s t  g ro s s  lo a d e d  a r e a s  a r e  
u s u a l l y  fo u n d  t h e  d e e p e s t  e x c a v a t io n s  f o r  b a s e m e n ts  a n d  h e n c e  
t h e  l i g h t e s t  n e t  l o a d .  T h i s  i s  t h e  c o n d i t i o n  f o r  t h e  3 r d  b a s e m e n t  
i n  B lo c k  C w h e re  a  t o w e r  s u p e r - s t r u c t u r e  i s  c o n s t r u c t e d  a b o v e  a  
d e e p  b a s e m e n t .  H o w e v e r ,  a t  t h e  w e s t e r n  e n d ,  B lo c k  B ,  a  t o w e r  
s u p e r - s t r u c t u r e  i s  c o n s t r u c t e d  a b o v e  t h e  n o m in a l ,  2n d  b a s e m e n t  
l e v e l  a n d  h e n c e  a  h ig h  n e t  l o a d i n g  i s  c o m b in e d  w i t h  a  h ig h  g ro s s  
l o a d i n g .
F o r  t h e s e  tw o  l a t t e r  c a s e s  c o n c e r n in g  t h e  t o w e r  b lo c k s ,  o n e  i n  
B lo c k  B an d  o n e  i n  B lo c k  C , t h e  s o i l  s t r a t a  im m e d ia t e ly  b e lo w  t h e i r  
r a f t  s la b s  a r e  d i f f e r e n t  f r o m  e a c h  o t h e r .  I n  t h e  c a s e  o f  B lo c k  B ,  
t h e  s t r a t u m  i m m e d ia t e ly  b e lo w  t h e  r a f t ' i s  s a n d  a n d  g r a v e l ,  w h i l e  
th e  s t r a t u m  im m e d ia t e ly  b e lo w  t h e  r a f t  s l a b  i n  B lo c k  C i s  s t i f f  
L o n d o n  C l a y .
T o  c o m p a re  t h e  a c t u a l  l o a d i n g  i n  t h e  f o u n d a t io n s  w i t h  t h e  d e s ig n  
l o a d i n g  a n d  t o  d i s c o v e r  t h e  l o n g - t e r m  b e h a v io u r  o f  t h e  f o u n d a t io n s  
a f t e r  t h e  c o m p le t io n  o f  t h e  b u i l d i n g ,  t h e  p i l e s  a n d  r a f t s  w e re  
i n s t r u m e n t e d  w i t h  v i b r a t i n g  w i r e  s t r a i n  g a u g e s  a n d  p r e s s u r e  c e l l s ,
( i n  t h e  sam e m a n n e r  as i n  t h e  T e s t  P i l e s  -  S e e  s e c t i o n  2 . 2 ) .
I n  t h e  3 r d  b a s e m e n t i n  B lo c k  C , s i x  p r e s s u r e  c e l l s  w e r e  p la c e d  a t  
i n t e r v a l s  u n d e r  t h e  r a f t  ( s e e  F i g .  2 7 ,  2 8 ) ,  a n d  n in e  w o r k in g  p i l e s  
w e r e  i n s t r u m e n t e d .  E a c h  o f  t h e s e  n in e  p i l e s  h a d  t h r e e  s t r a i n  g a u g e s  
dow n t h e i r  l e n g t h  an d  t h r e e  o f  t h e s e  a ls o  h a d  s o i l  p r e s s u r e  c e l l s  a t  
t h e i r  b a s e .  T h e  g a u g e s  w e re  p la c e d  i n  t h e  sam e m a n n e r  as  th o s e  i n  
t h e  t e s t  p i l e s .
I n  B lo c k  B , t h e r e  i s  a  l a r g e  p o s t - t e n s i o n e d  s l a b  a t  1 s t  F l o o r  l e v e l  
w h ic h  i s  c e n t r a l l y  s u p p o r t e d  b y  a  1 . 5  m d ia m e t e r  c i r c u l a r  R .C .  c o lu m n .  
T h is  h e a v i l y  lo a d e d  c o lu m n  a n d  t h r e e  o f  t h e  g ro u p  o f  s i x  p i l e s  b e n e a th  
i t  w e re  in s t r u m e n t e d  w i t h  s t r a i n  g a u g e s  an d  a  s o i l  c e l l  w as .p la c e d  
c e n t r a l l y  b e n e a th  t h e  c o lu m n  u n d e r  t h e  r a f t .  A  t y p i c a l  c o lu m n  i n  a  
d i f f e r e n t  p a r t  o f  t h e  s t r u c t u r e  an d  t h e  p i l e  b e n e a th  i t  w e re  a ls o  
i n s t r u m e n t e d  w i t h  s t r a i n  g a u g e s  dow n t h e i r  l e n g t h  a n d  a  s o i l  c e l l  a t  
t h e  b a s e  o f  t h e  p i l e .  (S e e  F i g s .  29  Sc 3 0 ) .
3 .3 .2  C a l ib ra t io n  and accuracy of gauges.
T h e  s t r a i n  g a u g e s  an d  p r e s s u r e  c e l l s  a n d  t h e i r  mode o f  o p e r a t i o n  a r e  
d e c r ib e d  m o re  f u l l y  i n  s e c t i o n  2 . 2 .  T h e y  w e re  s u p p l i e d  b y  G e o n o r  A „ S 0 
o f  N o rw a y .
a )  P r e s s u r e  C e l l s
I T ’
G e o n o r  A . S .  p r o v id e d  i n d i v i d u a l  c a l i b r a t i o n  t a b l e s  a n d  g a u g e  c o n s t a n t s
f o r  e a c h  c e l l .  T h e y  w e re  d e s ig n e d  t o  o p e r a t e  i n  a  p r e s s u r e  r a n g e  o f  0
2 2 
-  2 5 0  k N /m  w i t h  a  r e a d i n g  a c c u r a c y  o f  0 . 4  k N /m  . T h e  b a s e  f r e q u e n c y ,
f o ,  u s e d  i n  c a l c u l a t i o n g  t h e  s o i l  p r e s s u r e  was t a k e n  as  t h e  r e a d in g  f r o m
e a c h  c e l l  a f t e r  t h e  c o m p le t io n  o f  t h e  r a f t  o r  p i l e  o n  i t .  T h is  m e a n t
t h a t  t h e  s e l f  w e ig h t  o f  t h e  f o u n d a t i o n s  w as n o t  i n  g e n e r a l  i n c lu d e d  i n
t h e  r e s u l t i n g  v a lu e s  f o r  t h e  p r e s s u r e s  an d  l o a d s .  T h e  c e l l s  m e a s u re d
t o t a l  p r e s s u r e s  n o t  p o r e  o r  e f f e c t i v e  p r e s s u r e s ,  a n d  w e re  i n t e r n a l l y
c o n n e c te d  t o  t h e  a tm o s p h e r e  v i a  t h e  c o n n e c t in g  c a b le  so  t h a t  c h a n g e s  i n
a t m o s p h e r ic  p r e s s u r e  d id  n o t  a f f e c t  t h e  r e s u l t s .  T h e  c e l l s  p r o v e d  t o
b e r o b u s t .  O f t h e  2 8  c e l l s  u s e d  a t  v a r io u s  p o s i t i o n s ,  o n l y  t h r e e ,  w h ic h
w e re  a t  t h e  b o t to m  o f  w o r k in g  p i l e s ,  f a i l e d  t o  o p e r a t e .  Two m o re  w e re
l o s t  b e c a u s e  t h e i r  c o n n e c t io n  c a b le s  w e re  d a m a g e d .
b )  S t r a i n  G au g es
T h e  s t r a i n  g a u g e s  w e re  n o t  i n d i v i d u a l l y  c a l i b r a t e d  a n d  o n e  g a u g e  c o n s t a n t
w as a p p l i c a b l e  t o  a l l  t h e  g a u g e s .  T h e y  w e re  d e s ig n e d  t o  o p e r a t e  i n  a
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s t r a i n  ra n g e  o f  +  2 x  1 0  w i t h  r e a d in g  a c c u r a c y  o f  + 2 x  1 0 ~  . I n  
"  -  o
c o n c r e t e  t h i s  g iv e s  a  s t r e s s  r a n g e  o f  a p p r o x im a t e ly  +  8 0  MN/m an d  a
2 "* 
r e a d in g  a c c u r a c y  o f  + 8 0  k N /m  .
As w i t h  t h e  s o i l  c e l l s ,  t h e  b a s e  f r e q u e n c y  f o  w as t a k e n  as  t h e  r e a d in g  
o b t a in e d  a f t e r  t h e  c o n s t r u c t i o n  o f  t h e  p i l e  o r  c o lu m n  c o n t a i n i n g  t h e  
g a u g e .  T h is  e l i m i n a t e d  t h e  s e l f  w e ig h t  o f  t h e  s t r u c t u r a l  m em ber f r o m  
t h e  r e c o r d e d  l o a d s .  I t  a l s o  a v o id e d  t h e  c h a n g e  i n  b a s e  f r e q u e n c y  w h ic h  
s o m e tim e  o c c u r r e d  d u r in g  t h e  s e t t i n g  o f  t h e  c o n c r e t e ,  T h is  may h a v e  
p a r t l y  b e e n  d u e  t o  t h e  c o n c r e t e  s h r i n k a g e ,  b u t  i t  w as t h o u g h t  m o re  
l i k e l y  t o  b e  d u e  t o  t h e  r i s e  i n  t e m p e r a t u r e  o f  t h e  g a u g e  f r o m  t h e  h e a t  
o f  h y d r a t i o n  o f  t h e  s e t t i n g  c e m e n t .
T h e  t e m p e r a t u r e s  o f  tw o  t e s t  p i l e s  an d  a  w o r k in g  p i l e  i n  B lo c k  D w e re  
m o n it o r e d  b y  l o w e r in g  a th e r m o m e te r  i n t o  a v e r t i c a l  m e t a l  tu b e  c a s t
i n  t h e i r  c e n t r e s .  B y  t h i s  c r u d e  m e th o d , t e m p e r a t u r e  r i s e s  o f  a b o u t  
2 0 °  F  i n  t h e  24  h o u r s  a f t e r  c a s t i n g  w e re  r e c o r d e d .  D u r in g  t h i s  p e r i o d ,  
t h e  s t r a i n  g a u g e s  sh o w ed  in c r e a s e s  i n  r e a d in g s  e q u i v a l e n t  t o  lo a d s  o f  
up  t o  9 0  t o n n e s ,  ( T e m p e r a t u r e s  r e c o r d e d  o v e r  l o n g e r  p e r i o d s  o f  s e v e r a l  
d a y s  a f t e r  c a s t i n g  sh o w e d  h i g h e r  r i s e s  i n  t e m p e r a t u r e  o f  up t o  4 0 °  F ,
.b u t  t h e s e  r e c o r d in g s  w e re  i n c o m p l e t e . )  T h is  m ig h t  s u g g e s t  t h a t  t h e  
g a u g e s  may h a v e  b e e n  s u b j e c t  t o  f l u c t u a t i o n s  d u e  t o  lo n g  te r m  t e m p e r a t u r e  
c h a n g e s  as w e l l ,  b u t  i n  a m em b er as  w e l l  i n s u l a t e d  as  a  p i l e  i n  t h e  
g r o u n d ,  t h e s e  w o u ld  h a v e  b e e n  m in im a l .
As t h e s e  w e r e  s t r a i n  g a u g e s  a n d  d i d  n o t  m e a s u re  s t r e s s  d i r e c t l y ,  a n  
a c c u r a t e  v a l u e  o f  t h e  Y o u n g s  M o d u lu s  o f  t h e  c o n c r e t e  w as e s s e n t i a l .  N o t  
o n l y  d o e s  t h i s  m a t e r i a l  p r o p e r t y  v a r y  g r e a t l y  w i t h  t im e  and  c r e e p ,  e v e n  
i n  c o n c r e t e s  o f  t h e  sam e d e s ig n  s t r e n g t h  and  m ix ,  b u t  a ls o  t h e  s t r e s s /  
s t r a i n  r e l a t i o n s h i p  o f  c o n c r e t e  i s  n o t  l i n e a r .  T h i s  m eans t h a t  t h e  
Y o u n g s  M o d u lu s  d e c r e a s e s  w i t h  i n c r e a s i n g  s t r e s s  i n  t h e  c o n c r e t e ,
T o  o v e rc o m e  t h e  p r o b le m  o f  a c c u r a t e l y  d e t e r m in in g  t h e  E v a l u e ,  t h e  
s o l u t i o n '  w i t h  t h e  T e s t  P i l e s  w as t o  i n c lu d e  a s t r a i n  g a u g e  i n  t h e  
to p  o f  e a c h  p i l e .  F ro m  t h o s e  s t r a i n  r e a d in g s  an d  k n o w in g  t h e  lo a d  
a p p l i e d  t h r o u g h  t h e  P r o v in g  R in g ,  i n  t h e  t e s t  r i g ,  an  a c c u r a t e  v a l u e  
o f  t h e  Y o u n g s  M o d u lu s  c o u ld  b e  d e t e r m in e d  f o r  e a c h  lo a d  c y c l e .  ■
H o w e v e r , t h e r e  w as n o  s u c h  d i r e c t  m e th o d  f o r  f i n d i n g  E v a lu e s  f o r  t h e  
w o r k in g  f o u n d a t i o n s .  A s i n g l e  v a l u e  o f  4 0  x  1 0 8 k N /n i2  w as c h o s e n , as  
b e in g  c o m p a t ib le  w i t h  t h e  v a lu e s  u s e d  i n  t h e  t e s t  p i l e s ,  an d  t h e  s t r e n g t h  
o f  t h e  c o n c r e t e  kn o w n  f r o m  c u b e  t e s t s .  T h is  f i g u r e  w as o f  f u n d a m e n t a l  
im p o r t a n c e ,  b e c a u s e  a l l  s u b s e q u e n t  p i l e  lo a d s  w e re  b a s e d  o n  i t .
F u r t h e r  a s s u m p t io n s  m ade w e r e  t h a t  t h e  c o lu m n s  a n d  p i l e s  w e re  n o t  s u b j e c t  
t o  b e n d in g ,  i . e .  t h a t  t h e  s t r e s s e s  w e r e  u n i f o r m  a c r o s s  a p l a n  s e c t i o n  
o f  t h e  m e m b er. I t  w as a l s o  assu m ed  t h a t  t h e  g a u g e s  w e re  n o t  s u b j e c t  
t o  c r e e p -  i . e .  t h a t  t h e  b a s e  f r e q u e n c y  f o ,  r e m a in e d  c o n s t a n t  a f t e r  a 
p e r i o d  o f  t im e  i n  t h e  s t r a i n e d  c o n d i t i o n .
T h e  s t r a i n  g a u g e s  w e re  n o t  as  r o b u s t  as  t h e  p r e s s u r e  c e l l s .  M any w e re  
d am aged  d u r in g  t h e  p o u r in g  o f  t h e  c o n c r e t e ,  a l t h o u g h  c a r e  w as t a k e n  o v e r  
t h e i r  f i x i n g ,  and  i n  g e n e r a l  a  t r e m i e  tu b e  w as u s e d .  F u r t h e r  lo s s e s  
w e re  c a u s e d  b y  t h e  e n d s  o f  t h e  c o n n e c t in g  c a b le s  b e in g  l o s t  o r  d am a g e d .
U n d e r  s i t e  c o n d i t i o n s ,  an d  w i t h  e a c h  c o n n e c t io n  c a b le  u s u a l l y  e m e r g in g  
f r o m  t h e  c o n c r e t e  s t r u c t u r e  a t  som e d is t a n c e  f r o m  t h e  g a u g e  i t s e l f ,  i t  
w as im p o r t a n t  t h a t  t h e  e n d s  o f  t h e  c a b le s  w e re  c o r r e c t l y  m a rk e d  an d  r e ­
f e r e n c e d .  F u r t h e r  d i f f i c u l t i e s  w e re  c a u s e d  w hen t h e  t e r m i n a l  b o a rd s  
w e re  m oved d u r in g  t h e  r e n d e r i n g  o f  t h e  s t r u c t u r e  'o n  w h ic h  t h e y  w e re  
f  i x e d .'
A l l  g a u g e s  w e re  i n s t a l l e d  u n d e r  t h e  s u p e r v i s i o n  o f  an  e n g in e e r *  T h e  
g a u g e s  i n  t h e  t e s t  p i l e s ,  h a d  f e w e r  f a i l u r e s  t h a n  th o s e  i n  t h e  w o r k in g  
p i l e s ,  a n d  t h e  e x p e r ie n c e  g a in e d  o n  B lo c k s  B an d  C w as p u t  t o  g o o d  u s e  
i n  i n s t a l l i n g  g a u g e s  on  B lo c k  D , b u t  t h e  f a i l u r e  r a t e s ,  as  show n b e lo w ,  
a r e  s t i l l  h i g h .
F a i l u r e  R a t e
B lo c k s  B & C W o r k in g  P i l e s  40%
B lo c k s  B Sc C T e s t  P i l e s  ' 25%
B lo c k  D T e s t  P i l e s  7%
3 . 4  I n t e r p r e t a t i o n  o f  R e s u l t s
3 .4 .-1  S o i l  P r e s s u r e  C e l l s  U n d e r  t h e  R a f t
T h e  r e a d in g s  f r o m  t h e  s o i l  p r e s s u r e  c e l l s  w e re  c o n v e r t e d  t o  b e a r i n g  
p r e s s u r e s  u s in g  t h e  f o r m u la  d e s c r ib e d  i n  s e c t i o n  2 . 2  a n d  t h e  c a l i ­
b r a t i o n  t a b l e s  s u p p l i e d  w i t h  th e m . T h e s e  p r e s s u r e s  w e re  a n a ly s e d  i n  
tw o  w a y s .
1 ) .  A t  a  g iv e n  p o i n t  i n  t im e  an d  c o n s t r u c t i o n  l e v e l ,  a  'c o n t o u r  m ap* 
o f  i s o b a r s  w as d ra w n  o n  a  p l a n  o f  t h e  3 r d  b a s e m e n t ,  t o  i n v e s t i g a t e  
t h e  w ay  i n  w h ic h  t h e  r a f t  c a r r i e d  i t s  l o a d ,  ( s e e  F ig s  31  ■ & 3 2  ) ,
F ro m  t h e s e  tw o  p r e s s u r e  c o n t o u r  m a p s , tw o  t r e n d s  w e re  a p p a r e n t .
a ) .  T h e  c e n t r e  o f  t h e  r a f t  te n d e d  t o  c a r r y  l e s s  lo a d  t h a n  t h e  e d g e s .  
T h is  b e h a v io u r  i s  c o n s i s t e n t  w i t h  t h a t  o f  a t h e o r e t i c a l  p e r f e c t l y  s t i f f ,  
u n i f o r m l y  lo a d e d ,  r a f t  f o u n d a t i o n  o n  a  d e e p , w id e  h o m o g en eo u s  i s o t r o p i c  
e l a s t i c  s o l i d ,  w h e re  t h e  c o n t a c t  p r e s s u r e  in c r e a s e s  f r o m  t h e  c e n t r e
o f  t h e  r a f t  t o  i t s  r i m .
b ) . T h e  e a s t e r n  e n d  o f  t h e  r a f t  w as s u b je c t e d  t o  g r e a t e r  l o a d i n g  th a n
t h e  w e s t e r n  e n d .  T h is  h a d  b e e n  e x p e c t e d ,  b e c a u s e  o f  t h e  s m a l l ,  kn o w n  
e c c e n t r i c i t y  b e tw e e n  t h e  c e n t r e  l i n e s  o f  a c t i o n  o f  t h e  p i l e s ,  t h e  c o lu m n  
lo a d s ,  an d  t h e  o v e r b u r d e n  r e l i e f .
2 ) .  A n  a v e r a g e  o f  t h e  p r e s s u r e s  w as t a k e n  t o  r e p r e s e n t  t h e  o v e r a l l  
b e a r i n g  p r e s s u r e ,  an d  w as m u l t i p l i e d  b y  t h e  a r e a  o f  t h e  r a f t  t o  g iv e  
a t o t a l  l o a d .  I t  m u s t b e  n o t e d  t h a t  b e c a u s e  t h e r e  w as i n  r e a l i t y  a  
c o n s i d e r a b l e  v a r i a t i o n  i n  p r e s s u r e  a c r o s s  t h e  r a f t ,  t h e s e  f i g u r e s  
c o u ld  o n ly  b e  t a k e n  t o  g iv e  an  a p p r o x im a t io n  o f  t h e  r e a l  lo a d  o n  t h e  
r a f t .  T h e s e  lo a d s  w e re  p l o t t e d  a g a i n s t  t i m e ,  w i t h  t h e  lo a d s  f r o m  t h e  
p i l e  g a u g e s , t o  i n v e s t i g a t e  t h e  w ay  t h e  lo a d  s h a r e - o u t  b e tw e e n  t h e  p i l e s  
an d  t h e  r a f t  c h a n g e d  w i t h  t i m e ,  a n d  as t h e  c o n s t r u c t i o n  o f  t h e  s u p e r ­
s t r u c t u r e  p r o g r e s s e d ,  ( s e e  F i g s .  3 3  t o  36  i n c l . ) .
3 . Y - ,2  S t r a i n  G a u g e s  i n  t h e  P i l e s
v
T h e  r e s u l t s  f r o m  t h e  c o n c r e t e  s t r a i n  g a u g e s  i n  t h e  p i l e s  w e re  c a l c u ­
l a t e d  u s in g  t h e  f o r m u l a  d e s c r ib e d  i n  S e c t i o n  2 . 2 ,  B e c a u s e  o f  t h e  l a r g e  
n u ip b e r o f  g a u g e s  w h ic h  f a i l e d  o r  w e re  m a l f u n c t i o n i n g  ( a b o u t  40% ) some 
o f  t h e  p i l e  lo a d s  w e re  e x t r a p o l a t e d  f r o m  g a u g e s  i n  t h e  m id d le  o r  b a s e  
o f  t h e  p i l e s .  I t  w as a l s o  d i f f i c u l t  t o  a s s e s s  w i t h  a n y  a c c u r a c y  t h e  
m a n n e r  o f  t h e  d i s p e r s a l  o f  t h e  lo a d  dow n t h e  l e n g t h  o f  a p i l e ,  A
f u r t h e r  d e g r e e  o f  a p p r o x im a t io n  w as in t r o d u c e d  b y  u s in g  t h e  s i n g l e  
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v a l u e  o f  4 0  x  1 0  k N /m  f o r  t h e  Y o u n g s  M o d u lu s  o f  t h e  c o n c r e t e .
I n  a  s i m i l a r  m a n n e r  t o  t h e  a p p r o a c h  u s e d  w i t h  t h e  s o i l  p r e s s u r e  c e l l s  
u n d e r  t h e  r a f t ,  t h e  lo a d s  f r o m  t h e  in s t r u m e n t e d  p i l e s  w e re  a v e r a g e d  
f o r  e a c h  o f  t h e  tw o  s i z e s ,  ( 6 1 0  m m ,9 1 5  mm) an d  t h e n  m u l t i p l i e d  b y  t h e  
n u m b e r o f  p i l e s  o f  t h a t  s i z e ,  t o  g iv e  a  t o t a l  lo a d  t a k e n  b y  a l l  t h e  
p i l e s  i n  t h e  3 r d  b a s e m e n t .  T h e  lo a d s  show n b y  t h e  g a u g e s  v a r i e d  f r o m  
p i l e  t o  p i l e ,  so  t h a t ,  as  w i t h  t h e  r a f t , l o a d s ,  t h e  r e s u l t i n g  t o t a l  
v a lu e s  m u s t b e  t a k e n  as  r e p r e s e n t a t i v e  r a t h e r  t h a n  as a c c u r a t e  v a l u e s ,  
( s e e  T a b le  1 3 ) .  T h e s e  v a lu e s  a r e  p l o t t e d  a g a i n s t  t i m e ,  w i t h  t h e  
r a f t  l o a d s ,  o n  F i g .  13 , r e f e r r e d  t o  e a r l i e r .
/
3 . 4 ' J3 C o n s t r u c t i o n  o f  3 r d  B a s e m e n t
T h e  t i m i n g  a n d  m e th o d  o f  c o n s t r u c t i o n  o f  t h e  3 r d  b a s e m e n t h a d  a  
s i g n i f i c a n t  i n f l u e n c e  o n  t h e  r a f t  p i l e  i n t e r a c t i o n ,  so  a  d e s c r i p t i o n
o f  t h e  c o n s t r u c t i o n  w i l l  b e  g iv e n  b e f o r e  an  a n a l y s i s  o f  t h e  r e s u l t s .  
S e c t io n s  i l l u s t r a t i n g  t h e  c o n s t r u c t i o n  s e q u e n c e  a r e  i n  F ig s ,  25  2 6 ,
T h e  s i t e  g e n e r a l l y  w as e x c a v a t e d  t o  t h e  2n d  b a s e m e n t f o r m a t i o n  l e v e l ,  
w h ic h  w as a ls o  t h e  p i l i n g  f o r m a t io n  l e v e l .  A l l  t h e  p i l e s  t o  b o t h  
2nd  an d  3 r d  b a s e m e n ts  w e re  t h e n  a u g e r e d  t o  t h e  sam e d e p t h  i n  t h e  c l a y  
( t o  g iv e  s i m i l a r  s e t t l e m e n t  c h a r a c t e r i s t i c s ,  as d e s c r ib e d  i n  S e c t i o n  
3 . 1 . 2 ) .  H o w e v e r , t h e  3 r d  b a s e m e n t p i l e s  w e re  o n ly  c o n c r e t e d  t o  t h e i r  
c o r r e c t ,  c u t - o f f  l e v e l  a t  t h e  u n d e r s id e  o f  t h e  3 r d  b a s e m e n t r a f t  s la b . .
v
T h e  t e m p o r a r y  s t e e l  c a s t i n g s  w e re  l e f t  i n  up t o  g ro u n d  l e v e l  an d  
e n a b le d  a man t o  g e t  dow n an d  g r o u t  i n  t h e  t e m p o r a r y  s t e e l  c o lu m n s , w h ic h  
w e re  t o  s u p p o r t  t h e  w a l in g  s l a b  a t  2 n d - b a s e m e n t l e v e l .
T h e  w a l in g  s l a b  w as c o n s t r u c t e d  o n  t h e  g ro u n d  f o r  t h e  f u l l  w id t h  o f  
t h e  b u i l d i n g  so  t h a t  t h r u s t s  f r o m  t h e  d ia p h ra g m  w a l l s  o n  e a c h  s i d e  » 
o f  t h e  s i t e  c o u n t e r - b a l a n c e d  e a c h  o t h e r .  E x c a v a t io n  o f  t h e  3 r d  b a s e m e n t  
w as t h e n  c a r r i e d  o u t  as  a r a in in g  o p e r a t i o n  t h r o u g h  a n  o p e n in g  i n  t h e  
w a l in g  s l a b .  A f t e r  t h e  i n s t a l l a t i o n  o f  g ro u n d  a n c h o rs  i n  t h e  d ia p h r a g m  
w a l l s ,  t h e  e x c a v a t i o n  w as c a r r i e d  dow n t o  t h e  f o u n d a t i o n  l e v e l  o f  t h e
r a f t .  C o n s t r u c t i o n  o f  t h e  s u p e r - s t r u c t u r e  w as t h e n  c a r r i e d  o n  a b o v e .
D u r in g  t h e  e x c a v a t i o n  o f  t h e  3 r d  b a s e m e n t  some 6 . 0  m d e p t h  o f  g r a v e l  
a n d  c l a y  w e re  re m o v e d , w h ic h  w o u ld  h a v e  p ro d u c e d  h e a v e  c o n d i t i o n s  i n  
t h e  c l a y  b e n e a th  t h e  3 r d  b a s e m e n t .  T h is  p u t  m any o f  t h e  p i l e s  i n t o  
t e n s i o n  (u p  t o  a  m axim um  v a l u e  o f  1 0  t o n n e s ) .  I n  p a r t i c u l a r ,  t h e  p i l e s  
w h ic h  d i d  n o t  h a v e  a s t e e l  s t a n c h io n  t o  s u p p o r t  th e  2 n d  b a s e m e n t w a l in g  
s l a b ,  w e re  n o t  s u b je c t e d  t o  a n y  c o m p r e s s iv e  l o a d i n g  u n t i l  a f t e r  t h e  
c o n s t r u c t i o n  o f  t h e  r a f t  s l a b  a n d  t h e  R ^ c l c o lu m n s  o n  i t .  T h is  i s  
sh o w n  as  t h e  n e g a t i v e  p i l e  l o a d i n g  r e c o r d e d  o n  t h e  e a r l i e r  p a r t  o f  
F ig , '  34,.- 35  a n d  3 6 ,
3 .4  . 4  A n a l y s i s  o f  R e s u l t s
As t h e  c o n s t r u c t i o n  o f  t h e  s u p e r - s t r u c t u r e  p r o c e e d e d ,  t h e  lo a d  i n  t h e
r a f t s  an d  p i l e s  i n c r e a s e d .  H o w e v e r ,  o n  t h e  c o m p le t io n  o f  t h e  s u p e r ­
s t r u c t u r e ,  w h en  t h e  in c r e a s e s  i n  t o t a l  lo a d  i n  t h e  f o u n d a t io n s  l e v e l l e d  
o f f ,  t h e  p i l e s  w e re  c a r r y i n g  o n l y  a b o u t  o n e  t h i r d  o f  t h e i r  d e s ig n  
w o r k in g  l o a d .  F u r t h e r  s m a l l  in c r e a s e s  i n  lo a d  o c c u r r e d  as  t h e  f i n i s h e s
a n d  p a r t i t i o n s  w e re  c o n s t r u c t e d ,  b u t  t h e  p i l e s  d id  n o t  a p p e a r  t o  
r e a c h  a n y w h e re  n e a r  t h e i r  d e s ig n  w o r k in g  l o a d s ,  w h e re a s  t h e  r a f t  
s l a b  a p p e a r e d  t o  b e  c a r r y i n g  m o re  t h a n  i t s  d e s ig n  lo a d .
W hen t h e  l a s t  r e a d in g s  w e re  t a k e n  ( i n  O c t o b e r  1 9 7 6 ) ,  t h e  b u i l d i n g  
w as c o m p le t e ,  a n d  t h e  a p p r o x im a t e  lo a d s  i n  t h e  f o u n d a t io n s  w e r e : -
D e s ig n  n e t  lo a d  ( t o  b e  c a r r i e d  b y  p i l e s )  7 8 0 0  to n n e s
D e s ig n  g r o s s  m in u s  n e t  lo a d  ( t o  b e  c a r r i e d  b y  r a f t )  8 9 0 0  to n n e s
A p p r o x im a te  a c t u a l  p i l e  lo a d  3 3 0 0  to n n e s
A p p r o x im a t e  a c t u a l  r a f t  lo a d  ( a s  sh o w n  b y  g a u g e s )  9 8 0 0  to n n e s
T h e r e  i s  a  s h o r t  f a l l  o f  3 6 0 0  to n n e s  b e tw e e n  t h e  d e s ig n  lo a d s ,  a n d  
t h e  t o t a l  lo a d s  i n d i c a t e d  t o  b e  i n  t h e  f o u n d a t i o n  b y  t h e  g a u g e s .
T h is  m ay b e  p a r t l y  c a u s e d  b y  t h e  i n a c c u r a c i e s  i n h e r e n t  i n  t h e  
a s s u m p t io n s  m ade w h e n  c a l c u l a t i n g  t h e  t o t a l  lo a d s  f r o m  t h e  g a u g e  
r e s u l t s .  H o w e v e r , i t  w as a l s o  t h o u g h t  t h a t  t h e  d ia p h r a g m  w a l l  
w as p r o b a b ly  c a r r y i n g  a  s i g n i f i c a n t  l o a d .
2
I t  had. a ‘ t o t a l  b a s e  a r e a  o f  a b o u t  5 5  m w h ic h  w o u ld  h a v e  c a r r i e d  a b o u t
, 2
5 0 0  to n n e s  i f  i t s  b e a r i n g  p r e s s u r e  w as 1 0  to n n e s /m  , an d  a  t o t a l  w a l l
2
s u r f a c e  a r e a  o f  a b o u t  5 5 0  m w h ic h  c o u ld  h a v e  c a r r i e d  a b o u t  2 , 5 0 0
2
to n n e s  i f  t h e  s k i n  f r i c t i o n  w as 5 0  k N /m  . ( T h i s  i s  w e l l  b e lo w  t h e  
v a lu e s  o f  s k i n  f r i c t i o n  u s e d  i n  t h e  p i l e  d e s ig n ,  b u t  t h e  b e n t o n i t e  
u s e d  i n  t h e  c o n s t r u c t i o n  o f  t h e  d ia p h r a g m  w a l l  m ay h a v e  lo w e r e d  t h e  
s h e a r  s t r e n g t h  o f  t h e  s u r f a c e  l a y e r  o f  b o t h  t h e  c l a y  an d  t h e  g r a v e l ) .
I t  w as t h e r e f o r e  p r o b a b le  t h a t  t h e  d ia p h r a g m  w a l l i n g  w as c a r r y i n g  a  
s i g n i f i c a n t  l o a d ,  w h ic h  h a d  n o t  b e e n  a l lo w e d  f o r  i n  t h e  f o u n d a t i o n  
d e s ig n .  I n  s e c t i o n  5 . 3 . 2  a  m o re  a c c u r a t e  a s s e s s m e n t i s  m ade o f  t h e  
lo a d  c a r r i e d  b y  t h e  d ia p h r a g m  w a l l .
3 . 5  Sum m ary o f  C h a p t e r
F o l l o w i n g  t h e  e x c e l l e n t  t e s t  p i l e  r e s u l t s ,  t h e  p i l e s  w e r e  c o m p le t e ly  
r e d e s ig n e d  u s in g  s t r a i g h t - s h a f t e d  p i l e s  i n s t e a d  o f  u n d e r - r e a m e d  p i l e s .
T h i s  r e s u l t e d  i n  l a r g e  s a v in g s  i n  m a t e r i a l  an d  p l a n t  c o s t s ,  an d  
c o n t r a c t  t i m e .  T h e  d e s ig n  v a lu e s  o f  s k i n  f r i c t i o n  a n d  e n d  b e a r i n g  w e re  b a s e d  
o n  t h e  r e s u l t s  o f  t h e  l a r g e  s c a l e  t e s t s ,  n o t  o n  t h e  s o i l  s a m p le s  f r o m  
t h e  s i t e  i n v e s t i g a t i o n .
T h e  3 r d  b a s e m e n t i n  B lo c k  C w as d e s ig n e d  w i t h  a  c o m b in e d  f o u n d a t i o n  
o f  r a f t  a n d  p i l e s  t o  t a k e  a d v a n ta g e  o f  t h e  v e r y  c o n s i d e r a b l e  o v e r b u r d e n  
r e l i e f ,  b u t  s t i l l  t o  k e e p  d i f f e r e n t i a l  s e t t l e m e n t  to  a  m in im u m . T h e  
p i l e s  w e re  d e s ig n e d  t o  t a k e  t h e  n e t  in c r e a s e  i n  lo a d  o n l y ,  w h i l e  t h e  
r a f t  s u p p o r t e d  t h e  b a la n c e  o f  t h e  g r o s s  lo a d .
T h e  p i l e s  an d  r a f t  i n  t h e  B lo c k  C 3 r d  b a s e m e n t w e re  in s t r u m e n t e d  w i t h  
v i b r a t i n g  w i r e  s t r a i n  g a u g e s  an d  s o i l  c e l l s .  Two c o lu m n s  i n  B lo c k  B 
an d  t h e  p i l e s  b e n e a th  th e m  w e re  a ls o  in s t r u m e n t e d  w i t h  g a u g e s .
The- p r e s s u r e  c e l l s  m e a s u re d  t h e  t o t a l  b e a r i n g  p r e s s u r e  o n  t h e  c l a y  
s u r f a c e  b u t  w e re  s e t  so  a s  n o t  t o  i n c l u d e  t h e  s e l f  w e ig h t  o f  t h e  
r a f t .  T h e  c o n c r e t e  s t r a i n  g a u g e s  m e a s u re d  l i n e a r  s t r a i n ,  an d  t h e r e f o r e  
i t  w as n e c e s s a r y  t o  assu m e t h e  Y o u n g 's  M o d u lu s  o f  t h e  c o n c r e t e  t o  f i n d  
t h e  s t r e s s e s .  T h e  g a u g e s  w e r e  s e t  s o  as  n o t  t o  i n c l u d e  t h e  s e l f  w e i g h t  
o f  t h e  m em b er i n  t h e i r  r e a d i n g s .
I t  w as fo u n d  t h a t  d u r in g  t h e  i n i t i a l  s e t t i n g  o f  t h e  c o n c r e t e ,  
t e m p e r a t u r e  h a d  a  s i g n i f i c a n t  a f f e c t  o n  t h e  g a u g e  r e a d in g s ;  h o w e v e r ,  
b e c a u s e  o f  t h e  s t a b i l i t y  o f  t h e  t e m p e r a t u r e  o f  a  p i l e  c a s t  i n  t h e  
g r o u n d ,  t h i s  f l u c t u a t i o n  w as a s s e s s e d  t o  h a v e  a  s m a l l  o v e r a l l  e f f e c t .
T h e r e  w as a  h ig h  r a t e  o f  f a i l u r e  o f  g a u g e s ,  d u e  p a r t l y  t o  d am age d u r in g  
c a s t i n g  t h e  c o n c r e t e ,  a n d  p a r t l y  d u e  t o  dam age t o  t h e  c o n n e c t io n  c a b le s  
d u r in g  o t h e r  g e n e r a l  b u i l d i n g  o p e r a t i o n s  o n  t h e  s i t e .
F ro m  t h e  s o i l  p r e s s u r e  c e l l  r e s u l t s ,  u n d e r  t h e  B lo c k  C r a f t ,  tw o  
p r e s s u r e  'c o n t o u r  m a p s ' w e re  d ra w n . T h e s e  sh o w ed  t h a t  t h e  r a f t  p r e s s u r e  
i n c r e a s e d  f r o m  t h e  c e n t r e  o f  t h e  r a f t  t o  i t s  r i m ,  an d  t h a t  t h e  e a s t e r n  
e n d  w as u n d e r  a  g r e a t e r  lo a d  t h a n  t h e  w e s t e r n  e n d .
B y  a s s u m in g  a n  a v e r a g e  u n i f o r m  d i s t r i b u t i o n  o f  lo a d  i n  t h i s  r a f t ,  a n d  
i n  t h e  p i l e s  u n d e r  t h e  r a f t ,  a  c u r v e  w as d ra w n  s h o w in g  t h e  i n c r e a s e  i n  
t o t a l  lo a d  c a r r i e d  b y  t h e  r a f t ,  an d  b y  t h e  p i l e s ,  w i t h  t im e  an d  
c o n s t r u c t i o n  l e v e l  i n  t h e  s u p e r - s t r u c t u r e .  B e c a u s e  o f  t h e  a s s u m p t io n  
o f  u n i f o r m i t y ,  t h i s  c u r v e  i s  o n l y  r e p r e s e n t a t i v e .
T h e  g a u g e s  i n  t h e s e  p i l e s  sh o w ed  th e m  t o  b e  c a r r y i n g  o n l y  a b o u t  o n e  
t h i r d  o f  t h e i r  d e s ig n  lo a d .
1 0 2 .
3RD BASEMENT, BLOCK C .
R a f t  P r e s s u r e s  f r o m  S o i l  C e l l s
3,6 . TABLE 13
S o i l  C e l l  o n  G r i d  L in e s
D a t e 1 0 - 1 1 /C 1 0 / 1 1 / D 1 0 - 1 1 /E 1 3 /C - D 1 3 /E 1 5 - 1 6 /E
A v , R a x t  p r e s s  
to n n e s /m 3
1 0 / 7 3 8.0 6 . 3 3 . 7 1 , 7 6 ,8 8.0 5 . 8
1 1 /7 3 8 . 5 6 . 9 7 . 1 1 . 9 6.1 7 . 8 6 . 4
1 2 / 7 3 10.0 7 . 9 1 0 . 9 2 . 3 6 .0 7 . 3 7 . 4
1 / 7 4 10.6 8.6 1 1 . 4 2 . 5 6 .0 7 . 0 7 . 7
2 / 7 4 1 1 . 3 8.8 1 1 . 7 3 , 0 6 .0 6 .0 7 . 8
3 / 7 4 1 1 . 7 9 . 2 12.1 3 . 4 6.2 6.2 8.1
4 / 7 4 1 2 .5 10.1 1 2 . 3 3 . 8 6 . 3 7 . 0 8 . 7
5 / 7 4 12.2 10.8 12.8 4 . 0 6 . 5 7 . 8 9 . 0
6 / 7 4 1 2 .  7 1 0 . 9 1 2 . 9 4 . 0 6 . 5 8 . 4 9 . 1
7 / 7 4 12.8 1 1 . 5 1 2 . 9 4 . 1 6 . 5 9 . 0 9 . 5
8 / 7 4 9 . 6
1 0 / 7 4 7 . 8 1 2 . 9 4 . 1 6.6
1 1 / 7 4 , 7 . 8 1 2 . 9 4 . 1 6 . 7
1 2 /7 4 • 7 . 8 1 2 . 9 4 . 1 6 . 7
1 / 7 5 7 . 8 1 2 . 9 4 . 1 6 . 9
2 / 7 5 - 7 . 8 1 2 . 9 4 . 2 7 . 1
3 / 7 5 7 . 8 1 2 . 9 4 . 3 7 . 1
4 / 7 5 7 . 8 1 2 . 9 4 . 3 7 . 1
5 / 7 5 7 . 8 1 2 . 9 4 . 3 7 . 3 10.1
2 / 7 7 4 . 9 1 1 . 4
3 . 6 ,  TABLE 14  
3RD BASEMENT, BLOCK C
P i le  Loads from S t r a in  Gauges
D a t e 1 4 * 2 5  ■ 3 4 * 6 7 4 7 1 4 6 *
i-iv , t ' i j . e  .
to n n e s
1 0 / 7 3 - 5 0 - 1 6 . 2
1 1 / 7 3 22 2 - 5 0 - 1  ' 9 5 -  9 . 1
1 2 / 7 3 39 3 7 - 4 5 -1 26 8 7 1 0 . 4
1 / 7 4 4 5 5 0 - 2 7 - 4 3 0 110 2 2 . 9
2 / 7 4 45 . 4 9 h 1 5 32 110 2 6 . 7
3 / 7 4 64 5 2 - 1 5 2 39 1 3 5 3 4 . 3
4 / 7 4 6 7 55 - 5 12 4 2 1 4 6 4 0 . 7
5 / 7 4 71 5 7 - 5 9 4 2 1 5 7 4 1 . 9
6 / 7 4 79 6 0 11 1 54 1 6 9 5 0 .  7
7 / 7 4 86 6 7 11 12 50. 1 8 0 5 5 . 8
8 / 7 4 9 0 74 1 4 5 2 1 8 0 5 5 . 8
1 0 / 7 4 31 32 - 1 5 5 9 1 8 0
1 1 / 7 4 59 1 8 7
1 2 / 7 4 5 9 1 9 2
1 / 7 5 5 9 1 9 2
2 / 7 5 61 1 9 2
3 / 7 5 61 1 9 2
4 / 7 5 61 1 9 2
5 / 7 5 54 4 4 - 1 5 61 1 9 2 85
2 / 7 7 61 85 120 72 1 1 5 9 4
* V a lu e s e x t r a p o l a t e d  f r o m g a u g e i n  m id d le o f  p i l e .
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CHAPTER IV
4.0  BLOCK D, PRELIMINARY FOUNDATION DESIGN
4 . 1  G ro s s  a n d  N e t  F o u n d a t io n  L o a d in g
B lo c k  D was c o n s t r u c t e d  i n  tw o  s e p a r a t e  p h a s e s .  P h a s e  1 ,  a t  t h e
e a s t e r n  e n d  o f  t h e  s i t e ,  h a d  a  s u b -b a s e m e n t  w ho se e x c a v a t i o n  r e a c h e d
a  d e p t h  o f  1 3 . 5  m w h ic h  i s  w e l l  i n t o  t h e  L o n d o n  C l a y .  B e c a u s e  o f
, 2
t h i s  d e e p  b a s e m e n t ,  t h e  o v e r - b u r d e n  r e l i e f  w a s .1 9  to n n e s /m  w h e re a s
2
t h e  g r o s s  w e ig h t  o f  t h e  b u i l d i n g  w as o n l y  16 to n n e s /m  . A  r a f t  
f o u n d a t i o n  w as t h e r e f o r e  c h o s e n  f o r  t h i s  p h a s e .
F o r  P h a s e  I I ,  w h ic h  w as s c h e d u le d  f o r  c o n s t r u c t i o n  o n e  y e a r  a f t e r
P h a s e  I ,  o n l y  o n e  s h a l l o w  b a s e m e n t  w as t o  b e  c o n s t r u c t e d .  T h e  h i g h e r
p r o f i l e  o f  t h e  s u p e r - s t r u c t u r e  o f  t h e  b u i l d i n g  a t  t h i s  w e s t e r n  e n d ,
2
g a v e  a n  a v e r a g e  g r o s s  l o a d i n g  o f  1 6 . 5  to n n e s /r a  . S u b t r a c t i n g  t h e
2 2 
o v e r - b u r d e n  r e l i e f  o f  5 . 5  to n n e s /m  l e f t  a  n e t  l o a d i n g  o f  1 1 . 0  to n n e s /m  .
T h e  g r a v e l  s t r a t a  c o u ld  a d e q u a t e ly  s u p p o r t  t h i s  lo a d  o n  a  r a f t  f o u n d a t i o n ,
b u t  a  s e t t l e m e n t  a n a l y s i s  sh o w e d  t h a t  t h e  d i f f e r e n t i a l  s e t t l e m e n t  b e tw e e n
t h e  tw o  p h a s e s ,  i f  fo u n d e d  o n  r a f t s  a l o n e ,  w o u ld  b e  b e tw e e n  1 5 0  a n d  2 0 0  mm.
4 . 2  L o a d  S h a r in g  b a s e d  o n  I n f o r m a t i o n  f r o m  B lo c k  C T h i r d  B a s e m e n t
T o  r e d u c e  t h i s  f i n a l  s e t t l e m e n t  i n  P h a s e  I I ,  a n d  t o  l i m i t  t h e  p r im a r y  
d i f f e r e n t i a l  s e t t l e m e n t  c a u s e d  b y  t h e  t im e  l a g  i n  t h e  c o n s t r u c t i o n  o f  
t h e  tw o  p h a s e s ,  i t  w as d e c id e d  t o  p i l e  P h a s e  I I  f o r  t h e  n e t  l o a d i n g  
o n l y ,  i n  a  s i m i l a r  m a n n e r  t o  t h e  p r o c e d u r e  a d o p te d  f o r  t h e  T h i r d  
B a s e m e n t o f  B lo c k  C . T h e  r a f t  s l a b  w as d e s ig n e d  t o  s u p p o r t  t h e  r e m a in d e r  
o f  t h e  g r o s s  l o a d i n g .
I n  P h a s e  I I ,  b e c a u s e  t h e  o v e r - b u r d e n  r e l i e f  w as l e s s ,  t h e  n e t  l o a d i n g  
w as g r e a t e r  t h a n  i n  t h e  T h i r d  B a s e m e n t o f  B lo c k  C . As a  r e s u l t ,  t h e  
p r e l i m i n a r y  d e s ig n  f o r  t h e  p i l e  lo a d s  i n  P h a s e  I I  w as f o r  a  g r e a t e r  
p r o p o r t i o n  o f  t h e  o v e r a l l  lo a d  t o  b e  c a r r i e d  b y  t h e  p i l e s ,  t h a n  w as t h e  
c a s e  f o r  t h e  T h i r d  B a s e m e n t o f  B lo c k  C . T h is  a p p ro a c h  w as m o d i f i e d  l a t e r ,  
w h e n  t h e  r e s u l t s  f r o m  t h e  s t r a i n  g a u g e  r e a d in g s  f o r  t h e  T h i r d  B a s e m e n t  
o f  B lo c k  C , h a d  b e e n  a s s e s s e d .
4.3 Test P i le s
4 . 3  . 1 , D e s ig n
T e n  b o r e h o le s  w e r e  s u n k  i n  B lo c k  D i n  a  s o i l  i n v e s t i g a t i o n  c a r r i e d  
o u t  b y  C e m e n t a t io n  G ro u n d  E n g i n e e r in g  L t d . ,  ( s e e  S e c t i o n  2 . 1 . ) .
U . 4 .  s a m p le s  o f  t h e  c l a y  w e re  t a k e n  a n d  s u b je c t e d  t o  u n d r a in e d  t r i a x i a l  
c o m p r e s s io n ,  a n d  c o n s o l i d a t i o n  t e s t s .  T h e s e  c o n f i r m e d  t h a t  t h e  s o i l  
u n d e r  B lo c k  D w as c o n t in u o u s  w i t h  t h a t  u n d e r  B lo c k s  B & C , a n d  o f  
s i m i l a r  g e o t e c h n ic a l  p r o p e r t i e s .  T h e  s h e a r  s t r e n g t h s  o f  t h e  c l a y  i n  
t h e  tw o  s i t e  i n v e s t i g a t i o n s  w e re  v e r y  s i m i l a r .  ( s e e  f i g s  6 & 8 )
H o w e v e r ,  t h e  s i t e -  i n v e s t i g a t i o n  U . 4 .  r e s u l t s  f o r  B lo c k s  B & C -h a d  p r o v e d  
t o  b e  e x t r e m e l y  lo w  w h e n  c o m p a re d  - w i t h  t h e  s a m p le s  t a k e n  f r o m  t h e  t e s t  
p i l e  b o r e  h o l e s ,  a n d  w i t h  t h e  b e h a v io u r  o f  t h e  t e s t  p i l e s  t h e m s e lv e s .
I t  w as f e l t  t h a t  a  s i m i l a r  s i t u a t i o n  w as l i k e l y  t o  b e  t h e  c a s e  w i t h  
t h e  r e s u l t s  o f  t h e  B lo c k  D s i t e  i n v e s t i g a t i o n .  I t  w as t h e r e f o r e  d e c id e d  
t o  u s e  t h e  U . 4 .  r e s u l t s  f r o m  t h e  t e s t  p i l e  b o r e  h o le s  i n  B lo c k s  B & C 
a n d  t o  b a s e  t h e  t e s t  p i l e  d e s ig n  f o r  B lo c k  D on- t h e  r e s u l t s  o f  t h e  t e s t  
p i l e s  f o r  B lo c k s  B & C .
T h r e e  t e s t  p i l e s  w e r e  c o n s t r u c t e d  a n d  t e s t e d  t o  c o n f i r m  t h e s e  assu m p ­
t i o n s .  T h e y  w e re  d e s ig n e d ,  u s in g  t h e  v a lu e s  o f  s k i n  f r i c t i o n  i n  th e "  
c l a y  an d  g r a v e l  p r o v id e d  b y  t h e  e a r l i e r  t e s t  p i l e  r e s u l t s ,  i n  t h e  
sam e m a n n e r  as t h e  d e s ig n  f o r  t h e  w o r k in g  p i l e s  i n  B lo c k s  B 8c C . ( P i g ,  3 7 )
B e c a u s e  o f  t h e  d i f f i c u l t y  o f  e s t a b l i s h i n g  t h e  p r o p o r t i o n  o f  lo a d  
c a r r i e d  b y  t h e  c l a y ,  a n d  b y  t h e  g r a v e l ,  w h ic h  h a d  b e e n  e x p e r ie n c e d  
i n  t h e  p i l e  d e s ig n  o f  B lo c k s  B 8c C , i t  w as d e c id e d  t o  d o u b le  c a s e  o n e  
p i l e  t h r o u g h  t h e  g r a v e l .  T h e  lo a d s  i t  c a r r i e d  c o u ld  t h e n  b e  a t t r i b u t e d  
o n l y  t o  t h e  c l a y ,  i n  s k i n  f r i c t i o n  a n d  e n d  b e a r i n g .  H o w e v e r ,  t h e  
u p p e r ,  f r e e ,  e n d  o f  t h e  p i l e  m oved  s id e w a y s  d u r in g  t e s t i n g ,  an d  t h e  p i l e  
f a i l e d  a t  a n  u n e x p e c t e d ly  lo w  l o a d .  No u s e f u l  c o n c lu s io n s  w e re  d ra w n  
f r o m  t h e  t e s t i n g  o f  t h i s  p i l e .
4 . 3 . 2  T e s t i n g
T e s t  P i l e  N o . 1 w as t h e  l a r g e s t  b e in g  26  m lo n g .  T h i s  a t t a i n e d  a  lo a d  
o f  6 9 5  to n n e s  a t  t h e  l i m i t  o f  j a c k  c a p a c i t y ,  w h en  t h e  d e f l e c t i o n  w as  
o n l y  23  mm. I t s  d e s ig n  W o r k in g  L o a d  was 3 0 0  t o n n e s .
106.
T e s t  P i l e  N o . 2 was 2 0  m lo n g .  T h i s  f a i l e d  a t  6 0 7  t o n n e s .  A  C o n s t a n t  
R a t e  o f  P e n e t r a t i o n  t e s t  was l a t e r  d o n e  on  t h i s  p i l e  w h ic h  t h e n  r e a c h e d  
6 0 9  t o n n e s .  T o t a l  d e f l e c t i o n  d u r in g  t h e  t e s t  w as 81  mm. T h e  d e s ig n  
W o r k in g  L o a d  o f  t h i s  p i l e  w as 2 0 0  t o n n e s .  T h e r e  w e re  s i x  s t r a i n  
g a u g e s  p o s i t i o n e d  a t  i n t e r v a l s  dow n i t s  l e n g t h ,  a n d  a  s o i l  p r e s s u r e  c e l l  
a t  i t s  b a s e ,  (S e e  F i g s .  3 7  a n d  3 8 ) ,
T e s t  P i l e  N o . 3 w as d o u b le  c a s e d  t h r o u g h  t h e  g r a v e l ,  w i t h  no s i g n i f i c a n t
c o n t a c t  b e tw e e n  t h e  o u t e r  c a s in g  i n  t h e  g r a v e l  a n d  t h e  i n n e r  c a s in g
c o n t a i n i n g  t h e  c o n c r e t e .  T h e  p u r p o s e  o f  t h i s  w as t o  i n v e s t i g a t e  t h e
p a r t  p la y e d  b y  t h e  s k i n  f r i c t i o n  i n  t h e  g r a v e l  i n  r e s i s t i n g  s e t t l e m e n t .
T h i s  w as a n t i c i p a t e d  t o  b e  s m a l l ,  f i r s t l y  b e c a u s e  t h e  d e s ig n  v a lu e  o f
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s h e a r  s t r e n g t h  o f  t h e  g r a v e l  w as o n l y  a b o u t  7 0  k N /m  , a n d  s e c o n d ly  
b e c a u s e  t h e  s t r a i n  g a u g e s  i n  T e s t  P i l e  N o . 2 h a d  i n d i c a t e d  t h a t  t h e  
p r o p o r t i o n  o f  t h e  lo a d s  i n  t h e  p i l e  t a k e n  b y  t h e  s k i n  f r i c t i o n  i n  t h e  
g r a v e l  w as s m a l l .  H o w e v e r ,  a l t h o u g h  T e s t  P i l e  N o . 3 w as c o n s t r u c t e d  
t o  t h e  sam e d e p t h  i n  t h e  c l a y  ( w i t h  t h e  sam e o v e r a l l  l e n g t h  o f  2 0  m) 
as  T e s t  P i l e  N o , 2 ,  i t  sh o w ed  d i f f e r e n t  lo a d  d e f l e c t i o n  c h a r a c t e r i s t i c s ,  
a n d  f a i l e d  a t  a  m uch lo w e r  lo a d  o f  3 2 4  t o n n e s .  T h i s  w as re a c h e d  d u r in g  
a  C o n s t a n t  R a t e  o f  P e n e t r a t i o n  t e s t ,  w h e re  t h e  f i n a l  d e f l e c t i o n  r e a c h e d  
w as 9 3  m. T h i s  t e s t  p i l e  w as in s t r u m e n t e d  w i t h  s t r a i n  g a u g e s  i n  t h e  
sam e m a n n e r  as  T e s t  P i l e  N o . 2  ( s e e  F i g .  3 9 ) ,  b u t  t h e  s t r a i n  g a u g e  
r e s u l t s  w e re  a f f e c t e d  b y  b e n d in g  i n  t h e  u p p e r  p a r t  o f  t h e  p i l e .  (A  
s id e w a y s  m o ve m e n t o f  t h e  p i l e  c a p  o f  25  mm was r e c o r d e d  d u r in g  t h e  
t e s t i n g ) .
4 . 3 . 3  T e s t  P i l e  R e s u l t s
T h e  t e s t  p i l e  r e s u l t s  w e r e  r e c o r d e d  i n  t h e  fo r m  o f  lo a d  / d e f l e c t i o n
c u r v e s  f o r  a l l  t h e  p i l e s  b y  F r a n k i p i l e  a n d  c u r v e s  o f  lo a d  c a r r i e d  a t
g a u g e  l e v e l  a g a i n s t  lo a d  a p p l i e d ,  f o r  T e s t  P i l e s  N o . 3 ( s e e  F i g .  3 9 . )
T h e  U l t i m a t e  L o a d s  o f  T e s t  P i l e s  N o . 1 a n d  2 c o m p a re  w e l l  w i t h  th o s e
o f  t h e  t e s t  p i l e s  i n  B lo c k s  B a n d  C , I f  t h e  s k i n  f r i c t i o n  i n  t h e
g r a v e l  i s  t a k e n  as 70  k N /m 2 ( w h ic h  t h e  s t r a i n  g a u g e s  i n  T e s t  P i l e
N o . 2 i n d i c a t e  i s  p r o b a b l y  to o  h ig h  a  v a l u e ) ,  t h e s e  lo a d s  a r e  g iv e n
. 2
b y  a n  a v e r a g e  s k i n  f r i c t i o n  s h e a r  s t r e s s  i n  t h e  c l a y  o f  2 1 0  k N /m  f o r
, 2
T e s t  P i l e  N o . l  a n d  1 5 0  k N /m  f o r  T e s t  P i l e  N o . 2 .  T h e s e  v a lu e s  a r e  
c o m p a t ib le  w i t h  t h e  U 4  t r i a x i a l  c o m p r e s s io n  t e s t  r e s u l t s ,  b e in g  h i g h e r  
t h a n  t h e  b e s t  l i n e  t h r o u g h  t h e  r e s u l t s  f r o m  t h e  s i t e  i n v e s t i g a t i o n ,  b u t
\
l o w e r  t h a n  an d  c l o s e r  t o  t h e  b e s t  l i n e  t h r o u g h  t h e  r e s u l t s  f r o m  t h e  
s a m p le s  t a k e n  d u r in g  p i l i n g ,  ( s e e  f i g s  8 & 1 0 ) ,
As w i t h  B lo c k s  B & C , t h e  s h e a r  s t r e n g t h  v a lu e s  o b t a in e d  f r o m  s a m p le s  
t a k e n  d u r in g  t h e  p i l i n g  a r e  c o n s i s t e n t l y  h ig h e r  t h a n  th o s e  a t  t h e  sam e  
d e p th s  f r o m  t h e  s i t e  i n v e s t i g a t i o n .  I t  w as th o u g h t  t h a t  t h i s  w as d u e  
t o  t h e  f a c t  t h a t  e x c e s s iv e  w a t e r  w as u s e d  d u r in g  t h e  d r i l l i n g  o p e r a t i o n  
f o r  t h e  s i t e  i n v e s t i g a t i o n s .
4y 3« -4  T e s t  P i l e  P ro g ra m m e  i n  o r d e r  o f ‘ C o n s t r u c t i o n  a n d  T e s t i n g  
BLOCK D ( S e e  P i g .  3 7 ) .
T e s t  P i l e  N o . l  O c t o b e r  1 9 7 4 .  W i t h o u t  s t r a i n  g a u g e s .
S t r a i g h t  s h a f t e d . -  S h a f t  d i a .  =  7 6 0  mm. JD qpth  =  2 6 . 2  m .
P i l e  was 14  d a y s  o l d  a t  s t a r t  o f  t e s t i n g .
L o a d e d  t o  3 0 0 T .  L o a d e d  f r o m  3 0 0  t o  6 0 0 T  ( D e f l e c t i o n  14  m m ). O f f  lo a d e d .
L o a d e d  t o  6 9 5 T .  ( D e f l e c t i o n  2 3  m m ). O f f  lo a d e d .
T e s t  P i l e .  N o . 2 O c t o b e r  1 9 7 4 .  6 s t r a i n  g a u g e s , 1 r e in f o r c e m e n t  g a u g e  an d
s o i l  c e l l .
S h a f t  d i a .  =  7 6 0  mm. D e p t h  =  2 0 . 1  m .
S t r a i g h t  s h a f t e d . -
P i l e  w as 21  d a y s  o ld  a t  s t a r t  o f  t e s t i n g .
L o a d e d  t o  2 0 0 T .  L o a d e d  f r o m  2 0 0 T  t o  4 0 0 T  ( D e f l e c t i o n  8  m m ), O f f  lo a d e d .  
L o a d e d  t o  6 0 7 T  ( D e f l e c t i o n  2 7  mm, P i l e  f a i l e d ) .  O f f  lo a d e d .
L o a d e d  t o  5 0 0 T .  C o n s t a n t  R a t e  o f  P e n e t r a t i o n  t e s t  s t a r t e d .
P i n a l  L o a d  6 0 9 T  ( D e f l e c t i o n  81  mm, p i l e  f a i l e d ) .
- T e s t  P i l e  N o . 3  6 s t r a i n  g a u g e s , 1 r e in f o r c e m e n t  g a u g e  & 1 s o i l  c e l l .
D o u b le  c a s e d  t h r o u g h  g r a v e l .
S h a f t  d i a .  7 6 0  mm D e p th  = 2 0 . 1  m. S t r a i g h t  s h a f t e d .
P i l e  w as 24  d a y s  o ld  a t  s t a r t  o f  t e s t i n g .
L o a d e d  t o  2 0 0 T .  O f f  lo a d e d .
L o a d e d  t o  2 8 0 T  ( D e f l e c t i o n  9 mm, p i l e  s t a r t i n g  t o  f a i l ) .  O f f  lo a d e d .
L o a d e d  t o  2 9 0 T  C o n s t a n t  R a t e  o f  P e n e t r a t i o n  T e s t  s t a r t e d .  M axim um  lo a d
r e a c h e d ,  3 2 4 T
( F i n a l  D e f l e c t i o n  9 3  mm, p i l e  f a i l e d ) .  O f f  lo a d e d .
4.4  F ina l P i l e  Design
W hen t h e  f i n a l  d e s ig n  f o r  t h e  w o r k in g  p i l e s  i n  P h a s e  I I  o f  B lo c k  D 
w as a p p r o a c h e d ,  some o f  t h e  r e s u l t s  f r o m  t h e  s t r a i n  g a u g e s  and  s o i l  
p r e s s u r e  c e l l s  i n  t h e  T h i r d  B a s e m e n t o f  B lo c k  C h a d  b ecom e a v a i l a b l e .  
T h e s e  i n d i c a t e d  t h a t  i n  t h e  T h i r d  B a s e m e n t t h e  p i l e s  w e re  i n  g m e r a l  
c a r r y i n g  o n l y  a  f r a c t i o n  o f  t h e i r  d e s ig n  lo a d '.  I n  m o s t c a s e s ,  t h e  
l o a d  i n d i c a t e d  b y  t h e  g a u g e  r e a d in g s  was le s s  t h a n  a  t h i r d  o f  t h e  
d e s ig n  w o r k in g  l o a d ,  an d  a l t h o u g h  n o t  a l l  t h e  l i v e  lo a d  w as o n  t h e  
b u i l d i n g  a t  t h e  t i m e ,  i t  w as a p p a r e n t  t h a t  t h e  p i l e  d e s ig n  was v e r y  
c o n s e r v a t i v e .
U n f o r t u n a t e l y ,  n o  c o n s i s t e n t  o r  r e l i a b l e  r e s u l t s  h a d  b e e n  o b t a in e d  
f r o m  t h e  s t r a i n  g a u g e s  an d  p r e s s u r e  c e l l s  i n  B lo c k  B , W i t h  h i n d s i g h t  
i t  c a n  b e  s e e n  t h a t  t h e s e  w o u ld  h a v e  b e e n  u s e f u l ,  b e c a u s e  t h e  r a f t  
a t  S e c o n d  B a s e m e n t l e v e l ,  ( i . e .  i n  B lo c k  B an d  t h e  r e s t  o f  B lo c k  C )  
w as fo u n d e d  o n  g r a v e l ,  as  w as t h e  r a f t  o f  B lo c k  D , P h a s e  I I .  O n ly  
l a t e r ,  a f t e r  t h e  c o n s t r u c t i o n  o f  B lo c k  D , d i d  i t  b eco m e a p p a r e n t  
t h a t  t h e  .b e h a v io u r  o f  a  p i l e d  r a f t  o n  g r a v e l  w as s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  t h a t  o f  a  s i m i l a r  f o u n d a t i o n  fo u n d e d  i n  c l a y .
W hen t h e  f i r s t  tw o  t e s t  p i l e s  i n  B lo c k  D h a d  c o n f i r m e d  t h a t  p i l e s  i n  
t h i s  s i t e  w o u ld  s u p p o r t  t h e  sam e m a g n itu d e  o f  lo a d  as t h e  p i l e s  i n  
t h e  e a r l i e r  s i t e s ,  i t  w as a g r e e d  w i t h  t h e  W e s t m in s t e r  C i t y  D i s t r i c t  
S u r v e y o r  t h a t  t h e  p i l e s  i n  B lo c k  D w o u ld  b e  d e s ig n e d  t o  c a r r y  o n l y  
o n e  t h i r d  o f  t h e  n e t  l o a d .
I t  w as a l r e a d y  a c c e p t e d  t h a t  t h e  r a f t  c o u ld  s a f e l y  c a r r y  t h e  g ro s s  
lo a d  u n a id e d .  T h e  v a lu e  o f  t h e  i n f o r m a t i o n  f r o m  B lo c k  C w as i n  
i n d i c a t i n g  t h e  a m o u n t o f  p i l i n g  n e c e s s a r y  t o  l i m i t  t h e  d i f f e r e n t i a l  
s e t t l e m e n t s  t o  a c c e p t a b l e  v a l u e s .
*
L e v e l  c h e c k s  w e re  t a k e n  o n  B lo c k  B t o  t r y  a n d  a s c e r t a i n  t h e  d i f f e r ­
e n t i a l  s e t t l e m e n t  a lo n g  i t s  l e n g t h .  I t  p r o v e d  d i f f i c u l t  t o  t a k e  
r e g u l a r  l e v e l  c h e c k s  t o  a  b e n c h  m a rk  o f f  t h e  s i t e ,  b e c a u s e  o f  t h e  
h o a r d in g s ,  a n d  b e c a u s e  t h e  r e s t r i c t e d  n a t u r e  o f  t h e  s i t e  m e a n t t h a t  
m uch o f  t h e  c o n s t r u c t i o n  m a t e r i a l s  w e re  s t o r e d  i n  t h e  s t r u c t u r e  
i t s e l f  a t  g ro u n d  a n d  f i r s t  f l o o r  l e v e l .
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H o w e v e r  a t  t h e  t im e  t h e  f i n a l  d e s ig n  f o r  t h e  B lo c k  D f o u n d a t i o n  was  
b e in g  c o n s id e r e d ,  s u c h  l e v e l s  as  w e re  t a k e n  i n d i c a t e d  t h a t  t h e  m axim um  
d is c e r n a b l e  s e t t l e m e n t  a lo n g  t h e  l e n g t h  o f  B lo c k  B w as a p p r o x im a t e ly  
9 mm. S in c e  t h e  c o n s t r u c t i o n  o f  t h e  s u p e r - s t r u c t u r e  o f  B lo c k  B h ad  
com m enced o v e r  a  y e a r  e a r l i e r ,  i t  c o u ld  b e  assu m ed  t h a t  t h i s  r e p r e ­
s e n t e d  m o s t o f  t h e  im m e d ia te  s e t t l e m e n t  an d  a t  l e a s t  some o f  th e  
c o n s o l i d a t i o n  s e t t l e m e n t .  T h is  c o n f i r m e d  t h a t  t h e  p i l e  d e s ig n  f o r  
t h e s e  e a r l i e r  b lo c k s  w as c o n s e r v a t i v e .
T h e  i n i t i a l  p i l i n g  sc h e m e f o r  B lo c k  D c o n s i s t e d  o f  1 6 6  s t r a i g h t  s h a f t e d  
p i l e s  w h ic h  w e re  d e s ig n e d  t o  c a r r y  t h e  w h o le  o f  t h e  n e t .  l o a d .  T h e  
t e n d e r  p r i c e  f o r  t h i s  sch em e w as £ 1 5 0 ,0 0 0  an d  t h e  s c h e d u le d  c o n s t r u c t i o n  
t im e  was s e v e n  w e e k s .  T h e  f i n a l  d e s ig n ,  i n  w h ic h  t h e  p i l e s  w e re  t o  
c a r r y  o n ly  o n e  t h i r d  o f  t h e  n e t  lo a d ,  c o s t  o n ly  £ 6 0 , 0 0 0  an d  was  
c a r r i e d  o u t  i n  f i v e  w e e k s .  T h is  w as a  c o n s i d e r a b l e  s a v in g  i n  c o s t  
an d  c o n s t r u c t i o n  t i m e ,  w h ic h  a c c r u e d  f r o m  t h e  m o re  e c o n o m ic a l  d e s ig n  
m ade p o s s i b l e  b y  t h e  k n o w le d g e  w h ic h  h a d  b e e n  g a in e d  f r o m  t h e  p r e v io u s  
b lo c k s ,  an d  c o n f i r m e d  b y  t h e  r e s u l t s  f r o m  th e  p i l e  t e s t s  c a r r i e d  o u t .
4.5  Numerical C a lcu la t io n s  -  Phase I I
4 . 5 . 1  D e s ig n  C r i t e r i a
O v e r - b u r d e n  R e l i e f  (M in im u m ) =  3 x  5 . 7 4  x  3 . 2 8  
=  56  k N /m 2 ( a p p .  §  t o n / f t 2 )
1 0 0  l b / f t 2 = 4 . 7 8  kN /m ' 
1 2 0  l b / f t 2 = 5 . 7 4  kN /m '
2
2
100 l b / r
G ro s s  W e ig h t  o f  S t r u c t u r e
2
=  a p p r o x .  1 5 0  k N /m
( l j  t o n / f t '
N e t  P r e s s u r e  o n  G r a v e l  
( i g n o r i n g  w e ig h t  o f  r a f t )
=  a p p r o x ,  1 0 0  kN /m '/ 2
(1  t o n / f t  )
T h e  g ro u n d  c o u ld  a d e q u a t e ly  s u p p o r t  t h e  n e t  l o a d i n g  i n d i c a t e d ;  h o w e v e r ,  
t o  m in im is e  d i f f e r e n t i a l  s e t t l e m e n t ,  s t r a i g h t ^ s h a f t e d  p i l e s  a r e  p r o v id e d  
i n  t h e  L o n d o n  C l a y  b e tw e e n  G r i d  l i n e s  9 - 2 0  (P h a s e  I I ) .
T h e  d e s ig n  b a s is  o f  t h e  f o u n d a t i o n  i s  t h e r e f o r e  as  f o l l o w s : -
T h e  r e s u l t s  f r o m  t h e  p i l e  t e s t i n g  g e n e r a l l y  c o n f i r m  t h e  g o o d  r e s u l t s  
o b t a in e d  d u r in g  t h e  p i l e  t e s t i n g  c a r r i e d  o u t  o n  B lo c k s  B a n d  C .
T h e  p i l e  d e s ig n  t h e r e f o r e  f o l l o w s  t h e  b a s is  u s e d  p r e v i o u s l y  o n  B lo c k s  
B & C . F o r  s k i n  f r i c t i o n ,  t h e  a v e r a g e  v a lu e s  o f  t h e  s t r e n g t h  o f  t h e  
• :c la y  a r e / u s e d  f o r  t h e  v a r y i n g  l e n g t h s  o f  p i l e s .
U l t i m a t e  e n d  b e a r i n g  v a lu e s  a r e  b a s e d  o n  n in e  ( 9 )  t im e s  t h e  a p p r o p r i a t e
s h e a r  ( a v e )  s t r e n g t h  i n  t h e  l o w e r  t h i r d  o f  t h e  p i l e s .
F a c t o r s  o f  S a f e t y : -
S k i n  F r i c t i o n  ( g r a v e l  an d  c l a y )  2
E n d  B e a r in g  3
T h e  r a f t  f o u n d a t i o n  ( 1 2 5 0  t h i c k )  i s  d e s ig n e d  t o  s u p p o r t  tw o  t h i r d s  ( 2 / 3 r d s )
2
o f  t h e  c o lu m n  l o a d s .  i . e .  a p p r o x .  1 0 0  k N /m  ( 1  t o n / s q . f t . )
T h e  p i l e s  a r e  d e s ig n e d  t o  s u p p o r t  o n e  t h i r d  ( l / 3 r d )  o f  t h e  c o lu m n
2
l o a d s .  i . e .  a p p r o x .  5 0  k N /ra  ( f  t o n / s q . f t . )
T h i s  w as a g r e e d  w i t h  t h e  D i s t r i c t  S u r v e y o r  a n d  was b a s e d  o n  t h e  s h a r e  
o u t  o f  lo a d  as r e c o r d e d  i n  t h e  T h i r d  B a s e m e n t o f  B lo c k  C .
4.5-2.. FINAL DESIGN FOR WORKING PILES
G r i d  L in e s  9 -  16
U l t i m a t e  s h a f t  f r i c t i o n  
U l t i m a t e  e n d  b e a r i n g  
w h e re
Q su  =  C x  L  x  P
Q pu =  N c x  A  x  Cb
C =  a v e r a g e  s h e a r  s t r e n g t h  f o r  l e n g t h  
o f  s h a f t  c o n s id e r e d  i n  k N /m 2 .
L  =? l e n g t h  o f  s h a f t  c o n s id e r e d  i n  m e t r e s .  
P =s p e r i m e t e r  o f  s h a f t  i n  m e t r e s .
Nc =  b e a r i n g  c a p a c i t y  f a c t o r  =  9 
A  =  a r e a  o f  b a s e  i n  s q .  m.
Cb =  s h e a r  s t r n e g t h  a t  b a s e  i n  k N /m 2 .
W o r k in g  lo a d
U l t i m a t e  S h a f t  F r i c t i o n ,
a )  F o r  g r a v e l  s t r a t a ,  C
b )
=  Q su  
2
Q pu
3
Q su
D ia m e t,e r /m m .60 0 7 5 0 9 0 0
P e r i m e t e r / m oo OO 2 . 3 5 2 . 8 2
=  72 kN/m , L  =  7m, t h e r e f o r e  C x  L  =  5 0 4  kN/m
— ©
P i l e  
l e n g t h  * 
m e t r e s
L  i n  
c l a y  
s t r a t a
c
k N /m 2
C x  L  
©
T o t a l .
C x  L  
© - © = ©
Q su  =  © x ( 4 ) p e r  d i a .
6 0 0  d i a 7 5 0  d i a 9 0 0  d i a
15m 8m 1 4 0 1120 1 6 2 4 3 0 5 3 3 8 1 6 4 5 8 0
18m 11m 1 6 0 1 7 6 0 2 2 6 4 4 2 5 6 5 3 2 0 6 3 8 4
21m 14m 1 8 0 2 5 2 0 3 0 2 4 5 6 8 5 7 1 0 6 8 5 2 8
U l t i m a t e  E n d  B e a r in g ,  Q pu
P i l e  d ia m e t e r  /mm 6 0 0 7 5 0 9 0 0
A r e a /m 2 . 2 8 ‘..44 . 6 3  •
P i l e
l e n g t h
m e t r e s
Cb
k N /m 2
Cb x  N c  
©
Q pu = ( 5 ) x ©
6 0 0  d i a 7 5 0  d i a 9 0 0  d i a
15m 1 7 5 1 5 7 5 4 4 1 6 9 3 9 9 2
18m 210 1 8 9 0 5 2 9 8 3 2 1 1 9 0
21m 2 4 5 2 2 0 5 6 1 7 9 7 0 1 3 8 9
W o r k in g  L o a d  =s Q su  +  Q pu  
2 3
P i l e Q s u /2 =  (7 ) Q p u /3 = (8 ) W o r k in g  lo a d = © + ©
l e n g t h 6 0 0 7 5 0 9 0 0 6 0 0 7 5 0 9 0 0 6 0 0 7 5 0 9 0 0
15m 1 5 2 7 1 9 0 8 2 2 9 0 1 4 7 2 3 1 33 1 1 6 7 4 2 1 3 9 2 6 2 1
18m 2 1 2 8 2 6 6 0 3 1 9 2 1 7 6 2 7 7 3 9 7 2 3 0 4 2 9 3 7 3 5 8 9
21m 2 8 4 3 3 5 5 3 4 2 6 4 2 0 6 3 2 3 4 6 3 3 0 4 9 3 8 7 6 4 7 2 7
4.6 S t r a in  Gauges and P ressure  C ells  in  Working S tru c tu re
T h e  r a f t  s l a b  t o  t h e  d e e p  S u b -B a s e m e n t  o f  P h a s e  1 was in s t r u m e n t e d  
w i t h  s i x  s o i l  p r e s s u r e  c e l l s .  T h e y  w e re  a r r a n g e d  i n  a  N o r t h / S o u t h  
l i n e  o f . t h r e e  dow n t h e  c e n t r e ,  a n d  a  l i n e  o f  t h r e e  a c r o s s  t h e  n o r t h e r n  
e n d .  ( s e e  F i g .  -4 0 ,. 4 1 ) .
A  s e c t i o n  o f  t h e  r a f t  s l a b  a r o u n d  o n e  c o lu m n  i n  t h e  s h a l l o w e r  B a s e m e n t  
i n  P h a s e  11 was a ls o  in s t r u m e n t e d  w i t h  f i v e  s o i l  p r e s s u r e  c e l l s ,  ( s e e  
F i g .  4 2 ) .  T h e  c o lu m n  i t s e l f  an d  t h e  p i l e  g ro u p  b e n e a th  i t  w e re  a ls o  
in s t r u m e n t e d  w i t h  c o n c r e t e  s t r a i n  g a u g e s .  H o w e v e r , so  m any o f  th e s e  
g a u g e s  w e re  d am aged  t h a t  no  u s e f u l  r e s u l t s  w e re  o b t a in e d  f r o m  t h e  p i l e  
g ro u p  d i r e c t l y .
T e s t  P i l e s  N o .2  an d  3 w e re  in c o r p o r a t e d  i n t o  t h e  P h a s e  11  r a f t  s l a b ,  
a n d  t h e  c a b le s  t o  t h e i r  g a u g e s  w e re  p r e s e r v e d .  T h e s e  w e re  th e n  m o n it o r e d  
a lo n g  w i t h  t h e  g a u g e s  a n d  c e l l s  i n  t h e  w o r k in g  s t r u c t u r e .  A l l  t h e  c e l l s  
a n d  g a u g e s  w e re  i n s t a l l e d  a n d  r e a d  i n  t h e  sam e m a n n e r  as th o s e  i n  B lo c k s  
B k  C .
4 . 7  D is c u s s io n  o n  I n s t r u m e n t a t i o n  j n  B lo c k  D .
4 . 7 . 1  P h a s e  1 S u b -b a s e m e n t  R a f t .
T h e  s u b -b a s e m e n t  was e x c a v a t e d  as a  m in in g  o p e r a t i o n  t h r o u g h  a  h o le  
i n  t h e  w a l in g  s l a b  c a s t  o n  t h e  g ro u n d  a t  b a s e m e n t l e v e l ,  an d  f r o m  b e tw e e n  
d ia p h r a g m  w a l l s ,  i n  t h e  sam e m a n n e r  as  t h e  B lo c k  G 3 r d  b a s e m e n t .  T h is
w a l in g  s l a b  an d  t h e  s u p e r - s t r u c t u r e  w h ic h  was c o n s t r u c t e d  c o n c u r r e n t l y
w i t h  t h e  e x c a v a t i o n ,  w e re  s u p p o r t e d  b y  f i v e  p e rm a n e n t  a n d  f o u r  t e m p o r a r y  
s t e e l  c o lu m n s , b a s e d  o n  u n d e r - r e a m e d  c o n c r e t e  p i l e s ,  ( s e e  .F ig s .  4 3 .t 4 4  ) .
T h is  c o n s t r u c t i o n  m e th o d  h a d  t h e  a d v a n ta g e s  o f  e n a b l in g  t h e  B a s e m e n t,  
G ro u n d  an d  F i r s t  F l o o r  l e v e l s  t o  b e  c o n s t r u c t e d  d u r in g  t h e  e x c a v a t i o n  o f
t h e  s u b -b a s e m e n t  w i t h  t h e  r e s u l t i n g  s a v in g  i n  c o n s t r u c t i o n  t im e ;  an d  o f
p l a c i n g  p a r t  o f  t h e  w e ig h t  o f  t h e  s u p e r - s t r u c t u r e  o n  t h e  s o i l  s u b - s t r u c t u r e  
b e f o r e  a l l  t h e  o v e r b u r d e n  h a d  b e e n  re m o v e d , th u s  d e c r e a s in g  t h e  a m o u n t o f  
s o i l  h e a v e .
T h e s e  p i l e s  w e re  i n c o r p o r a t e d  i n t o  t h e  s u b -b a s e m e n t  r a f t  s la b  w hen  i t
w as c o n s t r u c t e d ,  a l t h o u g h  no a l lo w a n c e  w as m ade f o r  th e m  i n  th e  d e s ig n  o f  
t h e  p e rm a n e n t  f o u n d a t i o n .
T h e  r a f t  was in s t r u m e n t e d  w i t h  s o i l  p r e s s u r e  c e l l s  as d e s c r ib e d  i n  s e c t i o n
4 , 5 .  T h e  r e s u l t s  f r o m  t h e s e  w e re  t r e a t e d  i n  t h e  sam e w ay as th o s e  f r o m  t h e  
3 r d  b a s e m e n t i n  B lo c k  C . A  ’ c o n t o u r  m ap* o f  s o i l  p r e s s u r e  o n  t h e  r a f t  
w as m ade f o r  tw o  p o i n t s  i n  t i m e .  ( S e e  F ig s . .  4 0 .&  4 1 ) .  G au g e  r e a d in g s  f o r  
o n e  y e a r  a r e  show n i n  F i g .  4 5 .
I t  c a n  b e  s e e n  f r o m  t h e s e  p r e s s u r e  m aps t h a t  t h e  p r e s s u r e  v a r i a t i o n  ' .
w as m uch m o re  s y m e t r i c a l  a n d  u n i f o r m  t h a n  i t  w as i n  t h e  B lo c k  C 3 r d  b a s e m e n t  
( s e e  F i g s .  3 1 , 3 2 ) .  T h is  m ay b e  d u e  t o  t h e  a b s e n c e  o f  t h e  s t r a i g h t  s h a f t e d  
p i l e s  w h ic h  w e re  t h e  o t h e r  c o m p o n e n t o f  t h e  B lo c k  C f o u n d a t i o n .
T h e  s h a p e  o f  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  t h a t  o f  a  p e r f e c t l y  s t i f f
r a f t  f o u n d a t i o n  i n  u n i f o r m ,  h o m o g e n e o u s , i s o t r o p i c  s o i l  s u b je c t e d  t o
a n e g a t i v e  l o a d i n g  p r e s s u r e .  T h is  s u g g e s te d  a  s i t u a t i o n  o f  c l a y  h e a v e ,
r a t h e r  t h a n  c o m p r e s s io n .  T h is  i s  c o n s i s t e n t  w i t h  t h e  n e g a t i v e  n e t t  d e s ig n
2
l o a d i n g  o f  a b o u t  3 to n n e s /m  .
T h e  s o i l  p r e s s u r e  w e re  a ls o  p l o t t e d  a g a i n s t  t i m e ,  an d  a n  a v e r a g e  o f  t h e  
r e a d in g s  w as t a k e n  an d  m u l t i p l i e d  b y  t h e  a r e a  o f  t h e  b a s e m e n t  t o  g iv e  t h e  
a p p r o x im a t e  m a g n itu d e  o f  t h e  t o t a l  lo a d  c a r r i e d  b y  t h e  r a f t .  I t  c a n  b e  s e e n  
f r o m  t h e  p r e s s u r e  ’ c o n t o u r  m a p ’ t h a t  t h e  a r e a  s u b j e c t  t o  e a c h  p r e s s u r e  ra n g e  
d e c r e a s e s  w i t h  i n c r e a s i n g  v a lu e s  o f  t h e  p r e s s u r e  r a n g e ,  b e c a u s e  t h e  s h a p e  
o f  t h e  map i s  o f  c o n c e n t r i c  e l l i p s e s .  T h is  r e s u l t e d  i n  v a lu e s  o f  t o t a l  
l o a d  w h ic h  w e re  o n ly  a p p r o x im a t e ,  a n d  c e r t a i n l y  to o  h ig h .
T a k in g  t h e  s h a p e  o f  t h e  p r e s s u r e  d i s t r i b u t i o n  i n t o  a c c o u n t  g a v e  a  t o t a l  
lo a d  w h ic h  c o u ld  h e  o b t a in e d  b y  m u l t i p l y i n g  t h e  b a s e m e n t a r e a  b y  90% o f  
th e .  a v e r a g e  p r e s s u r e ,  w h ic h  w as t h e  m e th o d  th e n  u s e d .
2
T h e  d e s ig n  g ro s s  l o a d i n g  f o r  t h e  r a f t  w as 16  to n n e s /m  . T h is  i s  re d u c e d  
2
t o  1 3 , 4  to n n e s /m  w hen a l lo w a n c e  i s  m ade f o r  l i v e  l o a d i n g ,  an d  p a r t s  o f
t h e  d e a d  l o a d i n g ,  ( s u c h  as p a r t i t i o n s )  w h ic h  w e re  n o t  i n  t h e  b u i l d i n g .
T h e  l o a d i n g  o n  t h e  r a f t  a t  t h i s  t im e  ( O c t o b e r ,  1 9 7 6 )  was sh o w n  b y  t h e
2
p r e s s u r e  c e l l s  t o  b e  o n l y  6 . 7  to n n e s /m  .
T h e  e x p l a n a t i o n  f o r  t h e  d is c r e p a n c y  w as t h a t  t h e  ’ t e m p o r a r y ’ u n d e r - r e a m e d  
p i l e s  w e re  s t i l l  c a r r y i n g  a l a r g e  l o a d .  T h e y  w e re  i n c o r p o r a t e d  i n t o  t h e
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r a f t  s l a b  b e f o r e  t h e  c o n s t r u c t i o n  o f  t h e  r e i n f o r c e d  c o n c r e t e  c a s in g s  
a r o u n d  t h e  p e rm a n e n t  s t e e l  c o lu m n s  an d  t h e  r e p la c e m e n t  o f  t h e  t e m p o r a r y  
s t e e l  c o lu m n s  w i t h  r e i n f o r c e d  c o n c r e t e  o n e s , an d  so  w o u ld  n o t  h a v e  l o s t  
a n y  o f  t h e i r  d e s ig n  l o a d ,  T h is  i n c lu d e d  m o s t o f  t h e  w e ig h t  o f  t h e  b a s e ­
m e n t ,  g ro u n d  a n d  f i r s t  f l o o r s , a n d  so  w as a  s i g n i f i c a n t  p r o p o r t i o n  o f  
t h e  t o t a l  l o a d i n g .  T h e y  c o u ld  a l s o  h a v e  b e e n  e x p e c t e d  t o  p i c k  up a  p r o ­
p o r t i o n  o f  t h e  l a t e r  lo a d s  a p p l i e d  w i t h  t h e  c o n s t r u c t i o n  o f  t h e  r e s t  o f  
t h e  s u p e r - s t r u c t u r e .  I t  w a s , t h e r e f o r e ,  a p p a r e n t  t h a t  i g n o r i n g  t h e  p r e ­
s e n c e  o f  t h e s e  b e l l e d  p i l e  b a s e s  u n d e r  t h e  r a f t ,  l e a d  t o  a n  o v e r d e s ig n in g  
o f  t h e  s u b -b a s e m e n t  f o u n d a t i o n ,  a n d  r e s u l t e d  i n  a  v e r y  d e e p ,  s t i f f  r a f t .  
( T h e  r a f t  i s  2  m. t h i c k ) .
T h e  e v e n  d i s t r i b u t i o n  a n d  lo w  m a g n itu d e  o f  t h e  s o i l  p r e s s u r e s ,  as  sh o w n  
b y  t h e  p r e s s u r e  c e l l s ,  i l l u s t r a t e  t h i s  s t i f f n e s s ,  a n d  t h a t  t h e  lo a d  i s  
b e in g  p a r t i a l l y  s u p p o r t e d  e ls e w h e r e  ( i n  t h e  p i l e d  b a s e s ,  a n d  t h e  d ia p h r a g m  
w a l l ) ,
4 . 7 . 2 ,  P h a s e  1 1  P i l e d  R a f t  F o u n d a t io n s  ( F i g .  4 6 . )
O n ly  a  s e c t i o n  o f  t h e  r a f t  i n  P h a s e  1 1  w as in s t r u m e n t e d  w i t h  s o i l  p r e s s u r e  
c e l l s ,  ( s e e  s e c t i o n  4 . 5 . ) .  T h i s  w as t h e  a r e a  a r o u n d  o n e  c o lu m n , an d  t h e  
p i l e  g ro u p  b e n e a t h  i t .  One c e l l  w as p la c e d  b e n e a th  t h e  c o lu m n ; u n d e r  t h e  
r a f t  a n d  b e tw e e n  t h e  t h r e e  p i l e s  s u p p o r t i n g  ' t h i s  c o lu m n . F o u r  m o re  w e re  
o n  g r i d  l i n e s  p la c e d  c e n t r a l l y  b e tw e e n  t h i s  c o lu m n  a n d  a d j a c e n t  o n e s ,  an d  
o n e  w as p la c e d  a t  t h e  b a s e  o f  t h e  t e s t  p i l e s  i n  t h e  g r o u p . ( S e e  F i g .  4 2 )^
T e s t  P i l e  N o , 3' a n d  t h e  f o u r  a n c h o r  p i l e s  w i t h  i t  w e r e  i n  t h e  e d g e  o f  
t h i s  a r e a  b e in g  m o n i t o r e d . ( s e e  F i g . 4 2  ) ,  T h e  T e s t  P i l e  h a d  b e e n  ’ f a i l e d *  
d u r in g  a  c o n s t a n t  r a t e  o f  p e n e t r a t i o n  t e s t ,  an d  t h e  a n c h o r  p i l e s  h a d  b e e n  
u s e d  f o r  t e n s i l e  lo a d s ,  so  n o n e  o f  th e m  c o u ld  b e  u s e d  as  w o r k in g  p i l e s ,  
an d  t h e r e  w as no c o lu m n  o v e r  th e m . H o w e v e r , n o n e  o f  th e m  w as re m o v e d ,  
an d  as  t h e  t e s t  p i l e  w as c a s t  i n t o  t h e  r a f t  s l a b ,  i t  w as p o s s i b l e  t o  
c o n t in u e  m o n i t o r i n g  t h e  g a u g e s  i n  i t .
T h e  e f f e c t  o f  T e s t  P i l e  N o . 3  a n d t h e  a n c h o r  p i l e s  w as t o  s u p p o r t  t h e  r a f t
s l a b  s u r r o u n d in g  th e m . T h e  g a u g e s  i n  t h e  t e s t  p i l e  sh o w e d  t h a t  i t  w as
c a r r y i n g  a  l o a d  o f  a b o u t  2 0 0  t o n n e s ,  a n d  t h i s  u p w a rd  f o r c e  o n  t h e  r a f t  w as
r e s i s t e d  o n l y  b y  t h e  s e l f  w e ig h t  o f  t h e  r a f t  an d  t h e  b e n d in g  m om ents o n  i t .
F o r  t h i s  r e a s o n  t h e  r e a d in g s  o f  t h e  s o i l  p r e s s u r e  c e l l s  w e re  n o t  r e p r e s e n t ­
a t i v e  o f  a  t y p i c a l  s e c t i o n  o f  t h e  r a f t  s l a b  a n d  i t  w as d i f f i c u l t  t o  g i v e  a
v a l u e  o f  s o i l  p r e s s u r e  u n d e r  t h e  r e s t  o f  t h e  s l a b  w i t h o u t  k n o w in g  t h e  
d i s t a n c e  a t  w h ic h  t h i s  p i l e  g ro u p  s t i l l  h a d  a n y  s i g n i f i c a n t  i n f l u e n c e  
o n  t h e  r a f t  s o i l  p r e s s u r e .  F i g .  4 7  show s s o i l  c e l l  r e a d in g s  u n d e r  r a f t .
As w i t h  p r e v io u s  s o i l  p r e s s u r e  r e s u l t s ,  a  'c o n t o u r  m ap* o f  i s o b a r s  w as
d ra w n . T h is  i n d i c a t e d  t h a t  t h e  o v e r a l l  r a f t  p r e s s u r e  w as a b o u t  3 to n n e s /m
2
W hen t h e  s e l f  w e ig h t  o f  t h e  r a f t  s l a b  ( a b o u t  5 to n n e s /m  )  w as a d d e d , t h i s
2
g a v e  a  t o t a l  b e a r i n g  p r e s s u r e  o n  t h e  g r a v e l  o f  a b o u t  8 to n n e s /m  .
T h e  g r o s s  d e s ig n  l o a d  w as 1 6 . 5  to n n e s /m  ( w h ic h  i n c lu d e s  t h e  s e l f  w e ig h t
2
o f  t h e  r a f t )  a n d  s u b t r a c t i n g  t h e  o v e r b u r d e n  r e l i e f  o f  5 . 5  to n n e s /m  g a v e
2
t h e  d e s ig n  n e t t  l o a d i n g  o f  11  t o n n e s /m  . H o w e v e r , a t  t h e  t im e  t h e  l a s t  
s o i l  r e a d in g s  w e r e  t a k e n ,  some o f  t h e  l o a d i n g ,  s u c h  as  p a r t i t i o n s  a n d  l i v e
l o a d i n g ,  w as n o t  i n  t h e  s t r u c t u r e ,  a n d  so  t h e  g r o s s  lo a d  w as a c t u a l l y
2 2 
a b o u t  1 3 , 8  t o n n e s /m  , a n d  t h e  n e t t  lo a d  w as 8 . 3  to n n e s /m  .
T h e  f o u n d a t i o n  w as d e s ig n e d  o n  t h e  b a s i s  t h a t  t h e  p i l e s  w o u ld  c a r r y  o n e
2
t h i r d  o f  t h e  n e t t  l o a d i n g ( w h ic h  w o u ld  b e  2 , 8  to n n e s /m  )  a n d  t h e  r a f t
2
w o u ld  c a r r y  t h e  b a la n c e  o f  t h e  g r o s s  l o a d i n g ,  w h ic h  w o u ld  b e  1 1  to n n e s /m  .
2
I n  f a c t ,  t h e  r a f t  p r e s s u r e  w as o n l y  8 to n n e s /m  a n d  so  t h e  p i l e s  w e re
2
c a r r y i n g  t h e  b a la n c e  o f  5 , 8  to n n e s /m  w h ic h  m eans t h a t  t h e y  w e r e  w o r k in g  
a t  a b o u t  t w ic e  t h e i r  d e s ig n  l o a d s .
T h i s  w as q u i t e  f e a s i b l e  b e c a u s e  o f  t h e  f a c t o r  o f  s a f e t y  o f  2 . 5  w h ic h  w as  
u s e d  i n  t h e i r  d e s ig n .  I t  i s  a l s o  s a f e  b e c a u s e  a n y  f u r t h e r  s e t t l e m e n t  o f  
p i l e s  w o u ld  r e s u l t  i n  a n  i n c r e a s e  i n  t h e  b e a r i n g  p r e s s u r e  o f  t h e  i * a f t ,  an d  
a  r e d u c t i o n  i n  lo a d  o n  t h e  p i l e s .
T h e  t o t a l  lo a d s  a c t i n g  o n  t h e  c o lu m n  an d  r a f t  a r e a  w h ic h  w e re  in s t r u m e n t e d
»
w e r e  as  f o l l o w s  : -
C o lu m n  L o a d . D e a d  L o a d  = 1 2 3 0  to n n e s  
( L i v e  L o a d )=  4 3 0  to n n e s
F in i s h e s  a n d  p a r t i t i o n s  n o t  y e t  c o n s t r u c t e d  = 1 8 0  to n n e s
T h e r e f o r e  a c t u a l  c o lu m n  lo a d  =  1 0 5 0  to n n e s
A r e a  o f  s l a b  a ro u n d  c o lu m n  
T h e r e f o r e  L o a d  s u p p o r t e d  b y  r a f t  
T h e r e f o r e  L o a d  s u p p o r t e d  b y  p i l e  g ro u p  
L o a d s  s u p p o r t e d  b y  e a c h  p i l e
= 1 2 5  m
= 1 2 5  x  3 =  3 7 5  to n n e s
= 1 0 5 0  -  3 7 5  = 6 7 5  to n n e s
=s 6 7 5  3 =  2 2 5  to n n e st
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T h e  d e s ig n  w o r k in g  lo a d  o f  t h e s e  p a r t i c u l a r  p i l e s  w as 1 6 7  to n n e s ,  so  
t h e s e  p i l e s  w e re  c a r r y i n g  a b o u t  135%  o f  t h e i r  d e s ig n  l o a d ,  a l t h o u g h  
t h e  b u i l d i n g  w as n o t  y e t  f i n i s h e d  o r  o c c u p ie d .
4 . 8  Sum m ary o f  C h a p t e r
B lo c k  D w as c o n s t r u c t e d  i n  tw o  p h a s e s .  P h a s e  1 ,  w i t h  a  1 3 . 5  m. d e e p
b a s e m e n t h a d  a  n e g a t i v e  n e t t  l o a d i n g  a n d  so  w as s u p p o r t e d  s o l e l y  o n  a
r a f t .  P h a s e  11  h a d  a  s h a l l o w e r  b a s e m e n t an d  t h e  p r e l i m i n a r y  f o u n d a t i o n
d e s ig n  c o n s i s t e d  o f  a  p i l e d  r a f t  f o u n d a t i o n  w i t h  t h e  p i l e s  c a r r y i n g  t h e
. 2
n e t  lo a d  o f  1 1  to n n e s /m  , t o  l i m i t  t h e  d i f f e r e n t i a l  s e t t l e m e n t  b e tw e e n  
P h a s e  1 ,  as  i n  t h e  3 r d  b a s e m e n t o f  B lo c k  C .
A  s i t e  i n v e s t i g a t i o n  p r o d u c e d  r e s u l t s  f r o m  u n d r a in e d  t r i a x i a l  c o m p r e s s io n  
t e s t s  a n d  c o n s o l i d a t i o n  t e s t s  w h ic h  w e re  s i m i l a r  t o  t h o s e  f r o m  B lo c k s  B a n d  
C . T h r e e  t e s t  p i l e s  w e re  c o n s t r u c t e d  an d  t e s t e d .  Two c o n f i r m e d  t h e  d e s ig n  
c r i t e r i a  u s e d  e a r l i e r ,  b u t  t h e  t h i r d ,  w h ic h  w as d o u b le  c a s e d  th r o u g h  t h e  
g r a v e l ,  f a i l e d  a t  b e lo w  i t s  d e s ig n  l o a d .
T h e  f i r s t  'tw o  t e s t  p i l e s  c o n f i r m e d  w h a t  t h e  t e s t  p i l e s  i n  B lo c k s  B & C 
h a d  i n d i c a t e d ;  w h ic h  w as t h a t  t h e  s h e a r  s t r e n g t h s  f r o m  t h e  s i t e  i n v e s t ­
i g a t i o n  s a m p le s  w e re  t o o  lo w ,  a n d  t h a t  t h e  s a m p le s  t a k e n  f r o m  t h e  t e s t  
p i l e  b o r e  h o le s  g a v e  m o re  r e a l i s t i c  r e s u l t s .  T h e  s h e a r  s t r e n g t h s  o f  
t h e s e  l a t t e r  s a m p le s  w e re  u s e d  i n  t h e  f i n a l  p i l e  d e s ig n .
T h e  r e s u l t s  f r o m  t h e  i n s t r u m e n t a t i o n  o f  t h e  3 r d  b a s e m e n t  i n  B lo c k  C h a d  
show n t h a t  t h e  p i l e s  w e re  c a r r y i n g  o n l y  o n e  t h i r d  o f  t h e i r  d e s ig n  w o r k in g  
l o a d s ,  an d  l e v e l  c h e c k s  o n  B lo c k  B h a d  show n t h a t  t o  t h a t  d a t e  t h e  
m axim um  d i s c e r n a b l e  s e t t l e m e n t  o f  t h e  B lo c k  w as 9 mm.
On t h e  b a s is  o f  t h i s  i n f o r m a t i o n  i t  w as a g r e e d  w i t h  t h e  D i s t r i c t  S u r v e y o r  
t o  d e s ig n  t h e  p i l e s  t o  t a k e  o n l y  o n e  t h i r d  o f  th e  n e t t  l o a d i n g ,  an d  t o  
d e s ig n  t h e  r a f t  s l a b  t o  c a r r y  t h e  r e m a in d e r  o f  t h e  g r o s s  l o a d i n g .  T h is  
r e s u l t e d  i n  a  c o n s i d e r a b l e  s a v in g  i n  c o s t  an d  c o n t r a c t  p i l i n g  t i m e .
T h e  r a f t  s l a b  t o  t h e  d e e p  P h a s e  1 s u b -b a s e m e n t  was in s t r u m e n t e d  w i t h  s o i l  
p r e s s u r e  c e l l s .  T h e s e  sh o w ed  a  v e r y  r e g u l a r  an d  s y m m e t r ic a l  l o a d i n g  
p a t t e r n ,  i t s  s h a p e  s u g g e s te d  t h a t  t h e  c l a y  w as i n  a  s i t u a t i o n  o f  s o i l  h e a v e .
T h is  w as e x p e c t e d  b e c a u s e  o f  t h e  n e g a t i v e  n e t . l o a d .
T h e  t o t a l  lo a d  c a r r i e d  b y  t h e  r a f t ,  as  sh o w n  b y  t h e  s o i l  c e l l s ,  w as l e s s  
t h a n  t h e  w e ig h t  o f  t h e  b u i l d i n g .  T h is  i n d i c a t e d  t h a t  t h e  ’ t e m p o r a r y '  
u n d e r - r e a m e d  p i l e s , '  w h ic h  h a d  c a r r i e d  t h e  w e ig h t  o f  t h e  1 s t  b a s e m e n t  
l e v e l  w a l in g  s l a b  an d  t h e  g ro u n d  a n d  f i r s t  f l o o r s ,  ( w h ic h  w e re  c o n s t r u c t e d  
w h i l e  t h e  s u b -b a s e m e n t  w as e x c a v a t e d )  w e re  s t i l l  c a r r y i n g  t h i s  l o a d .  T h e  
d ia p h r a g m  w a l l  w as p r o b a b ly  a l s o  a c t i n g  as  a  lo a d  c a r r y i n g  m e m b er,
A  s e c t i o n  o f  t h e  P h a s e  1 1  r a f t  a r o u n d  o n e  c o lu m n  w as in s t r u m e n t e d  w i t h  
s o i l  p r e s s u r e  c e l l s .  S t r a i n  g a u g e s  w e re  c a s t  i n  t h e  c o lu m n  a n d  i n  t h e  
g ro u p  o f  t h r e e  p i l e s  b e n e a t h  i t .  H o w e v e r , so  m any o f  t h e  s t r a i n  g a u g e s  
w e re  d am aged  t h a t  no u s e f u l  r e s u l t s  c o u ld  b e  o b t a in e d  f r o m  th e m .
T h e  s o i l  c e l l s  sh o w e d  t h a t  t h e  r a f t  w as n o t  c a r r y i n g  a l l  i t s  d e s ig n  l o a d ,  
an d  so  i n d i c a t e d  t h a t  t h e  p i l e s  w e re  c a r r y i n g  up t o  t w ic e  t h e i r  d e s ig n  
w o r k in g  l o a d .
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CHAPTER V
5 . 0  DESIGN METHOD FOR P I  LED-RAFT FOUNDATION AND CONCLUSIONS
5.1 Introduction to Design Method
I t  is  suggested that a very consistent pattern of share out of load 
has been demonstrated, even with' d iffe re n t s o il s tra ta , such as that 
which occurs at the Second Basement level fo r Blocks B, C and D. In 
th is  case, the ra ft  is  founded on medium dense sand and gravel (see 
Fig. 48) and the p iles are founded w ith the upper 3,7 m in  the sand 
and gravel and.the lower length in  the London Clay (see Fig. 15).
Even w ith the comparatively compressible sand and ba llas t stra ta  
immediately below the ra ft ,  the ra ft  is  s t i l l  supporting a s ign ifican t 
proportion of the to ta l load, as outlined in  Section 4.7.
In the case of the Third Basement to Block B, the ra ft  is  founded on 
s t i f f  London Clay and the p iles are constructed wholly w ith in  the 
London Clay. The ra ft  appears to be carrying a s ig n ifica n t proportion 
of the to ta l load, as a result of the s t i f f  s tra ta  immediately below 
i t .  See Section 3.5.
I t  was obvious that the in i t ia l  design assumption, which was used 
on the V ictoria  Street pro ject, that the net load, or a proportion 
of the net load could be carried by the p iles and the remainder of 
the load would be carried by the ra ft ,  was very fa r from what was 
actually occurring w ith the share out of load on the foundations.
Also, there was no way of. knowing.what the e ffec t of the removal of 
the over-burden had on the share out of load, except in  an in tu it iv e  
way. I t  was known that a small net load would produce a small 
settlement, but in  designing the foundations, the e ffec t of heave, 
and the d is tr ib u tio n  of the gross load w ith in  the foundation system 
was not known. The construction sequence also had a s ign ifican t 
e ffec t on heave and the subsequent tension which th is  produces in  
the p iles . Compare the two d iffe re n t approaches to the excavation 
of the two basements, in  the f i r s t  case fo r Block C, Third Basement 
and in  the second, fo r Block D, Phase I ,  (See sections 3.5 and 4.7).
As already mentioned in  the review of lite ra tu re , Hooper (1973) 
gave a comprehensive set of settlement readings and measured p ile  
loads and ra ft  contact pressure readings , fo r the Knightsbridge 
Barracks, the Discussion was published in  1974. An approximate 
method of calculating in i t ia l  settlement is  given by Janbu,
Bjerrum and K jaernsli (1956).
I t  was decided to try  th is  method against the Knightsbridge 
Barracks p ro ject. See Fig. 49 fo r the relevant data. I t  became 
clear that the Janbu, Bjerrum and K jaernsli graphs as they stood 
did not give a p a rticu la r ly  good f i t  to the settlement figures fo r 
the Knightsbridge Barracks, when considering the two cases of a 
foundation design, one w ith p iles and one without p iles . (See 
paragraph 92 on P. 550, and Fig. 17 in  the Discussion). A 
modifying facto r was introduced to the Janbu, Bjerrum and K jaernsli 
Formula (see Fig. 50), based on Fig. 17 of Hooper’ s paper. This 
had the e ffec t of producing a very close f i t  to the settlements as 
measured and predicted by Hooper fo r  the two cases of a foundation 
e ither w ith p iles or without. See 5.2.
The calculations in  5.2 follow ing are fo r the settlement check on 
the Knightsbridge Barracks, while the calculations in  5.3 are the 
settlement calculations fo r  the Third Basement of Block C. Fig. 63 
gives the f in a l loading pattern fo r the Third Basement of Block C 
including effects due to heave, the net load, the to ta l load and 
the proportion of load carried by the p iles , the p iles plus diaphragm 
wall and that carried by the ra ft .  Fig. 64 is the computed ra ft  
settlement based on the calculations in  5.3 and using the loading 
in  Fig, 63.
1 2 0 .
5.2 Settlement check on Knightsbridge Barracks using Modified Janbu, 
Bjerrum,""Kjaernsli (1956) Formula. Fig. 50
(See F ig .49 fo r dimensions and loading and Naylor and Hooper, (1974)
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E . = 1.33 x E1 when u
E* = (1 + / / ' )  E
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fo r  j /  = 0.1
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CASE 1.
Load on underside of ra ft.
Depth to centre of each layer.
©  = 12.45 x .5 = 6.225m.
(2) = 12.45 + 6,225 = 18.675m.
®  = (12.45 x 2) + (20 x .5) = 34.9m.'
©  = 34.9 + 20 = 54.9m.
©  = 54 .9+20  = 74.9m.
2
E-? (drained) = 7,5 + 3.9.Z MN/m .
EJk = 7.5 + (3.9 x 6.225) = 31.778 MN/m2.
IZJ..
^(D - “  7 *5 + ( 3 ' 9 x 18*675> 83 80.33 MN/m2.
E(D = 7 *5 + ( 3 ' 9 x 34*9) ~ 143.61
E*0 = 7.5 + (3.9 x 54.9) = 221.61
El*. = 7.5 + (3.9 x 74.9) = 299.61
(A) Undrained Condition.
See p .36 Simons & Menzies (1975)-and Fig. 50.
$ = U, x U x qxB.
° E x f  u
where , q = net pressure
• = 196 KN/m (See p .551. Hooper (1974) • 2
net applied load 196 KN/m' .)
£, is  a 'depth facto r, depending on e ffec tive  length of p ile .
D ,/B = 8.8 = 0 . 3 5
24.96
L/B = 26.89 = 1.08 
.24.96
JJ = .925.o
Layer(l)
H = 12.45 = .499, Jtl = 0.32.
B 24.96
q = 196
E® a .32 ,x .925 x 196 x 24.96 = .0231m
U 31,778 x 1.49 x 1.32 23.1m.m
0 ® E® a .32 X 4525.247 = 9.1 m.m
Layer(2)
U 80,330 x 1.49 x 1.32
H = 24.9 = .998, U = .45
B 24.96
S© E© = .45 x 4525.2471 = 12.9 m.m
U 80,330 x 1.49 x 1.32
S@E® R .45 x 4525.2471 = 7.2 m.m
143,610 x 1.49 x 1.32u
1 2 2 ,
L a y e r  (3)
K = 4 4 . 9  = 1 . 8 ,  n .5 6
B 24.96 
6 ®  E® = .56 x 4525.2471
143,610 x 1.49 x 1,32
S@ E® = .56 x 4525 x 2471
221,610 x 1.49 x 1.32u
9.0 m.m
= 5.8 m.m
Layer (4)
H = 64,9 = 2 . 6  N = .58
B 24.96
S<3)e®
$ 0  E®
,58 x 4525.2471 = 6,0 m.m
221,610 x 1.49 x 1.32
.58 x 4525,2471 = 4,6 m.m
299,610 x 1.49 x 1.32
Layer1
H = 84’.9 = 3.4, n = .63
B 24.96
S(|)E©u .63 x 4525.2471299,610 x 1.49 x 1.32 = 4 .8 m.m
TOTAL £ 
(undrained)
= S 0 E® + ( 6 ®  E® -  ^ 0 E®) + ( S  ©E ® -  S
+ ( O 0 -  S <§> E® ) + ( 5 (D  E® - @E® )
23.1 + (12.9 -  9.1) + (9.0 - 7-. 2) + (6.0-5.8) *
TOTAL S 
( drained)
= 29.1m.m (undrained, immediate settlement)
= 29.1 x 1.49 x 1.32 = 57.2 m.m (drained f in a l 
settlement)
N.B. by using E  ^ = 10 + 5.2Z p .866 Hooper (1973)
obtain p ra c tica lly  iden tica l results. Hooper gave calculated 
settlement and prediction of 27.00 m.m fo r undrained case 
and 48.4 m.m fo r drained case.
< g ) E ®  )^  u
h (4.8-4.6)
CASE 2 N e t .  l o a d  f o u n d e d  a t  m i d - p o i n t  o f  p i l e s  i . e  a t  b o t t o m
of layer © •
n = 8.8 x 12.45 = .85, I  = 1.08, W = 0 . 7 6
7 24.96 7 °
Layer (2) H = 12.45 = .5, JLL = .3,
B 24.96
S @ E ©
^ © E ®
=  . 3  x . 7 6  x 1 9 6  x 2 4 . 9 6  =  .O lo m  =  lO .O m .m
8 0 , 3 3 0  x 1 . 1
=  , 3  x 3 7 1 8 . 0 4  =  5 . 6  m.m
1 4 3 , 6 1 0  x 1 . 1
,L a y .e. r ©  H =  3 2 . 4 5  =  1 . 3 ,  I I  a  . 5
B 2 4 . 9 6
5 x 3718.04 = 9.4 m.mS @ E ®  = . ______________________________
U 1 4 3 , 6 1 0  x 1 . 1
£ (3 )E ®  = . 5 x 3 7 1 8 . 0 4  =  6 . 1  m.m
2 2 1 , 6 1 0  x 1 . 3 3  x 1 . 1
Layer © H  =  5 2 . 4 5  a  2 . 1 ,  U =  . 5 7
B  2 4 . 9 6
S  @ E ®  =  . 5 7  x 3 7 1 8 . 0 4  =  6 . 9  m.m
U 2 2 1 , 6 1 0  x 1 . 1
<5 (3) e®@.E  a. .57 x 3718.04 = 5.2
U 299,610 x 1.1
Layer©  H = 72.45 = 2.9, J L  = .<
B 24.96
^  © E ®  = . 6 x 3 7 1 8 . 0 4  =  5 . 4  m.m
2 9 9 , 6 1 0  x 1 . 1
T O T A L  5  =  S @ E ®  + ( S ®  E ®  +
undrained
+  (  5 ® l j f  -  S ® E ®  )
=  1 0 . 0  +  ( 9 . 4  -  5 . 6 )  +  ( 6 . 9  -  6 . 1 )  +  ( 5 . 4  -  5 . 2 )  =  1 4 . 8  m.m 
(Hooper gives 1 4 . 9  m.m)
TOTAL §  =  1 4 . 8  x 1 . 3 3  x 1 . 1  =  2 1 . 6  m.m ( 1 9 . 7  Hooper, or 2 1 . 5  m e a s u r e d ) ,
drained.
U p lif t  can also be represented by using net overburden re lie f
2 — —
( i .e  * 96KN/M ) See p .868, and using 70% net u p l i f t  pressure
i.e  70_ x 137 = 96KN/M2.
100
using the factor f ,  fo r  load on underside of p iles.
U p lif t  = 96 x 14.8 x 1.1 = 5.38 m.m (undrained)
196 1.48 *
This is  too great, Hooper gave computed value of approximately 3 m. 
u p l i f t  fo r  undrained case.
I t  should be noted E^ fo r  unloading is  greater than fo r  loading 
p. 42 Simons and Menzies' (1975) , .
An increase -  E by a fac to r of 5.38 = 1.8 would bring th isu g----
in lin e  with the measured results.
The presence of p iles  reinforces the Clay (Note, th is  has already 
been taken into account) and would reduce the e ffec t of heave.
5 . 2 , 1  s h a r e  o u t  o f  l o a d .
Drained Condition i.e . long term condition.
t
'Zl'GiVi.WS .
Kaf f- +  Pi I<as
difference 48.4 - 21.5 = 26.9 m.m
% = 26.9 x 100 = 56%
48.4
i.e .  p iles taking 56%, ra ft  takes 44%.
Hooper gives 60% fo r p iles and 40% fo r  ra ft.
Raft L = 26.89, B = 24.96m.
No. p iles 50j Approx. spacing 3.3m.
S/D 3.3 3.63m. ’
.91 *
2Approx. contact pressure 110 KN/M .
Load per p ile  3030 KN. (Assuming stra igh t shafted p iles) 
Total load carried by ra ft  and p iles.
Raft = 110 x 26.89 x 24.96 = 73,829KN.
Piles = 50 x 3030 = 151,500KN.
Total load = 225,329KN.
% carried by p iles = 151,500 x 100 = 67%
225,329
% carried by ra ft
L = 24. 9
/D “
33%
27
Hooper (1978) p. 180, Fig. 9 using B u tte rfie ld  and Banerjee (1971) 
•shows that the Raft should take.'45% with
L/ d = 27 an d  S/D = 3 . 6
1 2 6 .
5/3.1 Settlement Calculations fo r  Third Basement of Block C,
using Modified Janbu, Bjerrum, K jae rns li,.(1956) Formula. Fig 50
l . C X ' <0 •"* V v<* .
®
®
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' Clarij .
I0’397t*.-
S .V* * V* " .
t. « •* \ , *
20 ‘OtVy. -
Depth to centre of each Layer (From underside of r a f t ) .
(T) = 8.384 x .5 = 4.195m.
(f)  = 8.384 x 1.5 = 12.576m.
(3) = 5.199 + (16.768) = 21.967m.
(10.397 x .5)
15.595
@  = (10.397 x 1.5) + (16.768) = 32.364m.
See f ig . 51 fo r heave V. S 
graph.
See f ig . 52 fo r dimensions.
The E values are derived u
from the B.R.S. plate loading 
tests and are shown in  fig s  53 
to 62 inclusive.
5j — 32,364 + 5.199 + 10 = 47.563m.
Eu = 232 X 2.016Z MN/m .
Su® 25 232 + (2 ‘ 439 + 4*195) 2.016 = 245.37 MN/m2.
1 2 7 .
E U ©  =
232 + (2.439 + 12.576) 2.016 = ■ 262.27 MN/m
x Eu ®  = 232 + (2.439 + 21.967) 2.016 = 281.20 MN/m2
II©td
3 232 + (2.439 + 32.364) 2.016 = 302.16 MN/m2
E U ®  =
232 + (2.439 + 47.563) 2.016 = 2332.80 MN/m
S, - u i X U B o  -------------E x .f (A fte r Bjerrum, Janbu e tc ) .u
where f  is  modification Factor, See Fig. 50
E is  undrained Young's Modulus of the so il taken from 
Marsland Test (See Figs.53 ^0 Q2 inc.1) .
and E1 is  drained Young's Modulus of the s o il.
E1 = ( 1 + V 1) E For Knightsbridge Barracks,
( 1 + 2 /  ) given by Hooper ab
E 1.33E
u iE fo r  V ictoria  St. taken as = 1.33E .u
(A) SHARE OUT OF LOAD BETWEEN PILES Sc RAFT.
N.B. At 20 months, settlement approximately mid-way between 
drained and undrained condition. The ra tio  of drained 
to undrained settlement does not influence the share out of 
load.
Check on share out of load using measured values of load
in  p iles and ra ft  at August 1974. See Figs. 34 to 36 in c l.
Total load at August 1974. (See Figs. 33)
On Raft = 4,800 tonnes
On Piles = 1,700
On Diaphragm Wall .= 6,571
P ile  tension = 400
Self Wgt. Raft = 2,560
16,031 tonnes
2 2Area of ra ft  = 7,780 f t  (723.2m )
Equivalent =157,216 = 217.4KN/m2.
723,2
Total load = 16,477 tons (excluding o/w ra ft)
o/w ra ft  = 2,520 u
18,997 tons (19,301 tonnes).
To sim plify  in i t ia l  calcs, take q as 100 KN/m .
and then scale results up or down fo r the various loading
conditions, including heave, drained and undrained conditions.
2
CASE 1. Load on underside of Raft.
5 =  I i .  x U  1 o x  q x  B
E x  f  u
d / b
a  6 . 0 9 8  
1 8 ,  2 9
a  . 3 3 3
L / b
=  4 0 . 2 4  
1 8 . 2 9
a  2 . 2
=  . 9 6
f  . =  1 . 5
Layer ©  '
H
B
a  8 . 3 8 4  
1 8 . 2 9
=  . 4 5 8 ,  XI1 =  . 3
S ® E u
S ® E u
=  - 3  x  
: ©  =  - 3  x
. 9 6  x 1 0 0  x 1 8 . 2 9
2 4 5 , 3 7 0  x 1 . 5
1 1 7 1  =  1 . 3 4  m.m 
2 6 2 , 2 7 0
Layer
H =  1 6 . 7 6 8  =  . 9 ,  U  =  . 5 5
B  1 8 . 2 9  • 1
a  _. 5 5  x 1 1 7 1  =  2 . 4 5  m.m
2 6 2 , 2 7 2
E _ = . 5 5  x 1 1 7 1  =  2 , 2 9  m.m
U®   2817200
Layer (3
H =  2 7 . 1 6 5  =  1 . 4 9 ,  U =  . 6 5
B 1 8 . 2 9
6 ® E .- = . 6 5  x 1 1 7 1  =  2 . 7 1  m.m
u ®  " 1 7 2 0 0
.43 m.m
1 2 9 .
£ © E ©  = .6 5  x  1171 = 2 . 5 2  m.u m302,160 
Layer _£lL
H -  37.563 s 2.0.5, JU = .72.
B 18.29
6* ©  E ©. = .72 x 1171 = 2.79 m.m
U 302,160
Tn ©  = * 72 x 1171 = 2.53 m.m
V ©  V ---------- -----3327800
Layer (5
H = 77.563 = 4.24, JU = .88
B 18.29
6  © E ®  = .88 x 1171 = 3.10 m.m
U 332,800
TOTAL 5  ^ Eu(£) + ( £ © E u ©  .  5 @ Eu ^
+ Eu © -  8 ©  Eu ^  + <,5 © Eu © . ^ ) E u q}
= 1.43 + (2.45 -  1.34) + (2.71 -  2.29) + (2.79 -  2.52)
+ (3.1 -  2.53) 
ss 3. 8 m.m
CASE 2. Load founded at mid-height of p iles i.e .  at bottom of 
Layer 1. (Diaphragm wall extends 3.66m below U/s 3rd 
Basement ra ft ,  but fo r  considerable height above, but 
leave equivalent load position at mid-hgt of p iles, 
fo r  s im p lic ity ).
% = 6.098 + 8.384 = .7918.29
L /T1 a 2.2 . . jU = .86/B o
f  a 1.2
1 3 0 .
L a y e r  (2
H = 8.384 = .46, U a .4
B 18.29
= .4 x .86 x 100 x 18.29 = 2.00 m.m
262,270 x 1.2
E fcs = .4 x 1311 = 1.86 m.mu (3)^  281,200 
Layer ©
H =.- 8.384 + 10.397 = 1.03, U = .55
B 18.29
E = .55 x 1311 = 2.56 m.m®  u ®
® EU ©
'281,200
^E /t\ = .55 x 1311 = 2.39 m.m
302,160 
Layer (4)
H a 29.18- s 1.60, U = .65
B 18.29
E /fc a .65 x 1311 = 2.82 m.m
©  « @ 
® Eu ©
302,160
E /fc a ,65 x 1311 = 2.56 m.m
332,800 
Layer ( j)
H a 49.18 = 2.69, U = ,75
B 18.29
= .75 x 1311 = 2.95 m.m
. U ®  332,800
TOTAL £) = d) + < £ ® E u  +  (S @ Eu(3
4  ^S© Eu © “ S© EU ©*
a 2.00 + (2.56 - 1.86) + (2.82 -  2,39) + (2.95 - 
ss 3.52 m.m
>- S @ Eu g )
2.56)
For p lo t of computed ra ft  displacement See Fig, 64 This is  based on 
actual net loading, See Fig. 63
Time considered 15 months.
1) At August 1974 to ta l load measure (see Filg.34)
= 2500 + 4800 + 1700 + 400 = 9400 tons
Percentage Net Load (carried by p iles)
= ( 1700 + 400) x 100 a 22.3%
9400
2) Weight of overburden
Hgt. from 2nd to 3rd basement = 10.976 -  4.878 = 6.098m. (2 0 ft.)
2Wgt, of overburden a .140 x 20.0 =2. 80 KIPS/Ft.
(1,25 T/ft?", 129. 75KN/m2)
3) At 9 months from completion of 3rd basement (Feb to Nov 73), p ile
tension reduced from 400 tons to zero.
Equivalent load on ra ft  = 400 x 2,24 = .115 KIPS/Ft.2
7780
Heave and pressure on underside of ra ft  (From Fig.'34)
= (1800 + 1500) 2.24 = .950/Ft.2
Pressure from o/w o f . ra f t
a  2500 x 2.24 a  , 72K/Ft. 2
7780
Piles (from above) = .115
. 835K/Ft,2
2Total pressure load = .95 + .835 = 1. 785K/Ft.
CHECK At th is  time D.L. + ra ft  + 3rd basement and up to 7th Floor b u ilt
7 @ say . 15K/Ft.2 = 1.05K/Ft.2
+ 3rd basement = .72
lr iH K /F t,2
4) From the point where p iles  return to zero load, the increased load
to max readings at August 1974
= (4800 - 3300) + 1700 a  3200 tons (7,168 KIPS)
Equivalent load/Sq. f t .
a 7,168 a 0.92 KIPS/Ft.2 
7780
5) Area of diaphragm wall supporting load by skin f r ic t io n .
a) From 2nd basement to 3rd -(3 sides on plan),
i )  perimeter = (178* + 40' + 80) = 2981 run
i i )  Hgt. to u/s 2nd Basement = 32* -  0rt
i i i )  Hgt. to u/s 3rd Basement = 12f - 0"
44* -  0"
5 . 3 . 2 .  L o a d i n g  t o  3 r d  b a s e m e n t ,  B l o c k  C .
1 3 2 .
b) From 3rd Basement to clay horizon (1 side on plan)
i )  perimeter i = 144* - 0"
i i )  Hgt. to clay horizon * = 18* -  0M
i i i )  Hgt. to u/s 3rd basement = 12' - 0"
30* - 0"
Total area = (298 x 44) + (144 x 30) = 18872 F t .2
c) Area of p iles (36 no.) 19 x 3 x .5 x 11 x 50 = 4477
+17 x 2 x .5 x 11 x 45 = 2403
6880 F t .2
2 9d) Stress on p ile s /F t.; = 400 x 2.24 = .130 K/Ft.
6880
e) At same stress diaphragm a ,1'3 x 18872 ='2453 KIPS 
wall would take (1095 tons)
2 of )  Equiv. load/Ft. on ra ft  from th is  = 2453 = .315 K/Ft.
7780
6) Therefore to ta l load @ zero tension in  p iles
= (1.785 + .315) x 7780 = 16338K (7294 tons) '
Total overburden load = 20 x .14 x 7780 = 21784 KIPS
Therefore at zero tension of p iles i.e .  at equilibrium, ra tio  of to ta l
structure load + p iles + diaphragm wall -  75% of overburden load.
(Note, Hooper gave 7 ■ % of overburden wgt, as heave pressure).
(The diaphragm wall probably lim ites the heave e ffe c t) ,
7) At zero p ile  tension, ra tio  of p iles and diaphragm wall load to
structu ra l load P + D.W. = 400 + 1095 = 1495 tons
Super s truc t. = 1.77 x 7780 = 6148
+ 3rd basement ra ft  2.24 7643 tons
% a g e = 1495 x 100 - 19,5%
7643
At completion of 3rd basement, i .e .  no load on ra ft ,  % age of heave 
pressure (overburden) taken by p iles + diaphragm w all.
a) To, al wgt. of overburden 
(2nd to 3rd basement)
= 9725 tons
b) Reduction by 25% (see 8) a 7294 tons
c) P ile  load + D.W. load -  i  M 3 tons
d) 1495 x 100 -  20%
7294
The balance of 80% must be carried by the ra ft
= .8 x 7294 = 5835 tons ( 1.68K/Ft.2).
5 , 3 . 3 .  F a c t o r s  I n f l u e n c i n g  S e t t l e m e n t
1) Increase of E value of s o il with depth (inversely proportional).
2) Net pressure (d ire c tly  proportional).
3) E value immediately under ra ft  (inversely proportional).
4) Length of p iles (inversely proportional).
5) Number of p iles (inversely proportional).
6) Depth of compressible layer below p iles (inversely proportional).
7)' Overburden re lie f  (inversely proportional).
8) Skin f r ic t io n  on perimeter reta in ing wall (diaphragm wall)
(inverse ly proportiona l).
Factors Influencing Load Sharing Between Piles and Rafts.
1) Difference in  predicted settlement between design fo r ra ft  only,
as against settlement fo r  design of p ile d -ra ft(d ire c tly  proportional).
2) Length and number of p iles (d ire c tly  proportional).
3) Presence of unyielding stra ta  immediately under base of p iles, 
or close to base of p iles (d ire c tly  proportional).
4) Prescence of compressible stra ta  immediately, under ra ft 
(d ire c tly  proportional).
5) Increase in  E value w ith depth (d ire c tly  proportional).
Pattern of load out share, as measured by the s tra in  guages, is 
very consistent regardless of the stra ta  and i t  is  suggested that 
the design method using the modified Janbu Bjerrum K jaernsli Formula 
(as shown n Fig. 50) gives a very good approximation of the actual 
behaviour of a p iled—ra ft  foundation.
Care must be taken to consider a l l  loading.effects and, in  pa rticu la r, 
the effects of heave, which is  l ik e ly  to produce tension in  the piles', 
or diaphragm wall ( i f  one is  incorporated in the design). A diaphragm 
wall incorporated into the design of a deep basement may have a surface
area comparable to or greater than that of the p iles and due recognition •
should be taken of i ts  contribution in  lim itin g  settlement and in 
s tiffe n in g  the adge of the ra ft ;  see Wood (1977).
The advantages of using th is  approach is  that a quick, inexpensive
appraisal may be made of the overall behaviour of the foundation
and an assessment made of whether p iles are necessary or not, and i f
so, what e ffect they haveon the overall settlement. I t  is  also
possible to share out the to ta l load between the p iles and ra ft ,  using
th is  approach. The p iles would normally be designed to take equal
loads and where they are used in  the design to l im it  overall settlement,
they may be lig h t ly  or heavily loaded, depending in  pa rticu la r on
whether there is  an incompressible or a compressible layer immediately
under the ra ft  slab. A case of the former is the p ile d -ra ft to the
Third Basement of Block C, where immediately below the ra ft  is  s t i f f
2London Clay with an value of 242.29MN/m and hence only a small 
load in  each p ile . A case of the la tte r , is  the Second Basement 
p ile d -ra ft to Block D, where immediately below the ra ft  is  medium 
dense, sand and ba llast with an E value of approximately 50MN/m2,
(See p .54 Inst. Struct. Engs. 1978), and with s tra igh t shafted p iles 
founded in  the Lcmdon Clay with high E values as given in  F ig .53-62 
inclusive. The p iles in  th is  case, are therefore heavily loaded and 
the ra ft  l ig h t ly  loaded.. I t  has been demonstrated that account may 
easily be taken of non-linear s o il behaviour, unlike some other 
in teractive  methods such as that proposed by B u tte rfie ld  and 
Banerjee (1971), using the boundary in tegra l equation method, where 
only homogeneous so ils  may be employed.
5 . 4 . _______C o n c l u s i o n s
In designing the ra ft ,  due account may be taken of an increase in 
pressure at the edges fo r a cohesive s o il,  or an increase of 
pressure at the centre fo r a non-cohesive so il.
Because of the d i f f ic u lty  in  accurately deriving values, i t  is 
suggested that the plate loading tes t, using a large diameter plate, 
such as that employed by the B.R.S,, is  one of the most accurate 
methods of determining them.
The e ffec t on the ra ft  of the super-structure s tiffness may be 
easily incorporated by using a s im p lified  "simulated" structure 
such that the s tiffness of horizontal members are summed and fo r 
ve rtica l members, to achieve the same horizontal displacements, 
values fo r  ine rtias  are increased by the fa c to r:-  the square of 
the number of storeys simulated, For most p ractica l purposes, th is  
method w i l l  y ie ld  results w ith in  2 or 3% accuracy. An example is  
shown in  Figs. 65 and 66.
This method of using a "simulated" super-structure may be usefully 
employed on, say, a t a l l ,  narrow build ing where bending movements 
and pressures on the foundations, due to wind e ffects, may be 
p a rticu la rly  severe.
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